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ABSTRACT OF THE DISSERTATION
Thermodynamics and Conformational Heterogeneity of RecBCD Binding to DNA Ends
Linxuan Hao
Doctor of Philosophy in Biochemistry, Biophysics, and Structural Biology
Washington University in St. Louis, 2021
Professor Timothy M. Lohman, Chair
E. coli RecBCD is crucial in initiating repair of double stranded (ds) DNA breaks. It is a
heterotrimeric helicase and nuclease complex possessing two ATPase motors, RecB and RecD,
and a regulatory subunit without ATPase activity, RecC. The RecB subunit also contains a
30kDa nuclease domain (RecBNuc) that, according to published structural data, is situated over
60Å away from the site of dsDNA binding. Surprisingly, we have shown in previous studies that
deletion of RecBNuc to form RecBΔNucCD affects its dsDNA unwinding properties. The
mechanism by which RecBNuc influences RecBCD dsDNA unwinding is unclear. In this thesis,
equilibrium binding techniques, specifically fluorescence titration and isothermal titration
calorimetry experiments, were used to examine the thermodynamics of RecBCD binding to
DNA ends and particularly how it is affected by removal of RecBNuc as a function of Na+, Mg2+
and DNA ends possessing various lengths of dT tails (on either 3’ or 5’ end, or both). Cryo-EM
was also employed to examine any potential conformational changes upon RecBCD or
RecBΔNucCD binding to blunt-ended DNA. While equilibrium binding affinities determined in
this work agree with previous studies showing that RecBCD binds optimally to duplex DNA
possessing ssDNA tails with lengths of 3’-dT6 and 5’-dT10, I also found that the favorable ΔH for
binding requires longer ssDNA tails (3’-dT10 and 5’-dT15) to reach a plateau. This indicates that

x

RecBCD can form favorable interactions with ssDNA tails that are longer than previously
thought. These additional interactions are obscured by an enthalpy-entropy compensation.
Furthermore, the observed ΔH for RecBCD binding to dsDNA ends possessing 3’-dTL and 5’dTL tails of the same length (twin-tailed substrates) reaches a plateau at an even longer tail length
of L=17-18. These favorable interactions can also represent favorable enthalpic components
compensating for the enthalpic cost of DNA melting. Thus my results suggests that RecBCD can
melt 9-11bp at a blunt DNA end and even up to 17-18bp. My results also indicate that the
energetic contributions of the 3’ and 5’ tails to RecBCD binding are not independent and that
additional interactions with longer ssDNA tails occur when both 3’ and 5’ tails interact with
RecBCD. Interestingly, my studies with RecBΔNucCD indicate that it binds with higher affinity
than RecBCD to all DNA ends by up to 15-fold. The removal of the RecBNuc domain also results
in values of ΔH that reach a plateau at dT15 for twin-tailed DNA substrates, indicating that the
RecBNuc influences the interactions of RecBCD with a DNA end possessing twin ssDNA tails
longer than dT15. Surprisingly, my Cryo-EM structures indicate that RecBCD can melt at least 11
bp upon binding to a blunt-ended DNA duplex in the presence of Mg2+, whereas previous crystal
structures showed RecBCD melting no more than 4-6 bp upon binding to blunt-ended DNA. In
the absence of RecBNuc, the 1A and 2A sub-domains of RecD become much more flexible and
show weak density under Cryo-EM. Because of such conformation flexibility, only 3 bp of DNA
melting can be observed for RecBΔNucCD. In addition, density of RecBNuc is entirely missing
among 55% of RecBCD (DNA-unbound) particles. Given that both sedimentation velocity and
denaturing gels show intact RecBCD complexes, this indicates that RecBNuc is often undocked
from the location that is seen in other published structures. However, I did not observe RecBNuc
docking at any alternative sites. I found that DNA binding significantly enhances the density of

xi

RecD and RecBNuc. Interestingly, RecD shows weak density in all particles of RecBΔNucCD both
with and without DNA. These results indicate that both RecBNuc and DNA binding are important
for stabilizing conformations of RecD while DNA binding also helps keeping RecBNuc docked
on RecC. This thesis presents data that argues an important role of RecBNuc in allosteric
communication between RecB and RecD subunits and in stabilizing the conformations of RecD
subunit in both DNA bound and unbound states. This helps us understand how removal of
RecBNuc influences the initiation of RecBCD dsDNA unwinding.
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Chapter I
Introduction
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DNA molecules are large polymers composed of a deoxynucleoside-phosphate backbone
containing the four nitrogenous bases, adenine (A), guanine (G), cytosine (C) and thymine (T)
(Figure 1), that carry crucial genetic information. A single strand of DNA has polarity with a 3’
end and a 5’ end (Figure 1). Most chromosomal DNA exists in the form of a double stranded
helix consisting of two antiparallel strands of DNA stabilized by pairing of the nitrogenous
bases, A with T and G with C to form A-T and G-C base pairs (Figure 1). The maintenance and
propagation of such genetic information is crucial for the survival of all cellular life forms.
However, damage to DNA molecules occurs frequently and can come from within the cells and
from the environment. Endogenously, DNA molecules can be damaged from reactive oxidative
agents from metabolism and errors during DNA replication. UV radiation, ionizing radiation and
other chemical agents from the environment are exogenous DNA damaging sources. As a result,
a variety of different types of DNA damage can occur and some can result in a break in both
strands of the DNA double helix, referred to as a double strand DNA break (DSBs). DSBs
represent a form of severe DNA damage since failure to repair this type of lesion results in cell
death or carcinogenesis1–4. Cellular organisms have evolved two robust mechanisms to repair
DSBs, the homologous recombination (HR) pathway5 and the non-homologous end joining
(NHEJ) pathway6. The HR pathway repairs the DNA lesion by using a section of the undamaged
DNA molecule (sister chromatid) that is homologous to the DNA lesion site as a template. This
results in error-free repair of DSBs. In contrast, the NHEJ pathway does not use a homologous
template and thus generally results in some loss of genetic information.
One type of enzyme that plays an important role in DNA repair is a helicase. Helicases
are motor proteins that catalyze separation of the two complementary strands of duplex
DNA/RNA molecules using the energy from nucleoside triphosphate (NTP) hydrolysis, referred
2

to as unwinding7,8. Helicase enzymes are ubiquitous in all organisms, since crucial processes of
DNA metabolism, such as DNA replication, recombination and repair, all require transient
separation of the two strands of duplex DNA. Defects in DNA helicases can be carcinogenic or
cause a number of genetic disorders in humans9,10. Viral replicative helicases are also potential
targets for developing novel therapeutics11.
The current thesis work focuses on a heterotrimeric helicase protein complex from
Escherichia coli called RecBCD that plays important roles in genome maintenance as well as in
defense against foreign DNA, such as DNA from an invading bacteriophage.

Biological Functions of RecBCD
RecBCD is a DNA helicase that binds to dsDNA ends and catalyzes duplex DNA
unwinding at the cost of ATP hydrolysis. RecBCD plays an essential role in the initiation of
DSB repair in E. coli by homologous recombination. As shown in Figure 2A, RecBCD initiates
unwinding of the duplex DNA from the DSB. RecBCD also possesses DNA nuclease activity
that degrades both the unwound 3’ ended and 5’ ended single-stranded (ss) DNA strands (Figure
2A). RecBCD catalyzed unwinding and degradation of the E. coli genome is regulated in cis by
an overrepresented eight nucleotide DNA sequence (5’-GCTGGTGG-3’), called Chi (Crossover
hotspot instigator)12,13. After recognizing a chi sequence during DNA unwinding, RecBCD stops
degrading the 3’-ended ssDNA, but continues to degrade the 5’-ended strand (Figure 2B).
RecBCD then catalyzes the loading of the recombinational protein, RecA, onto the 3’ ended
ssDNA (Figure 2B)14. This results in a 3’ DNA end coated with a RecA protein filament (Figure
2B). This RecA-ssDNA filament catalyzes DNA strand invasion of a homologous DNA
duplex15,16, which is used as a template to repair the damaged DNA via DNA replication (Figure
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2C). This leads to formation of two Holliday junctions (Figure 2D)17. The resolution of these
junctions results in repaired dsDNA molecules (Figure 2E)17. This role of RecBCD in
homologous recombination is also used by E. coli to restart collapsed replication forks which can
also produce DSBs18,19.
However, the function of RecBCD is not limited to genome maintenance. The ability to
bind to exposed DNA ends20, unwind rapidly and degrade thousands of base pairs makes
RecBCD21–25 a robust defense mechanism for E. coli against foreign DNAs26,27, such as phage
DNA genomes. The Chi sequence, being one of the most overrepresented sequence motif in the
E. coli genome28,29, acts as a critical mechanism for RecBCD to distinguish between self and
foreign DNA. Upon Chi recognition, RecBCD switches from the ‘destructive mode’ to a ‘repair
mode’. This prevents RecBCD from degrading the E. coli genome. The absence of a Chi
sequence in a phage genome would allow RecBCD to continue degrading that foreign DNA.

RecBCD Structural Features
Several structural studies of RecBCD in complex with different types of dsDNA ends
have been reported30–33. A cryo-EM study also examined a complex of RecBCD and Gam34, a
RecBCD inhibitor encoded by the bacteriophage lambda genome. Despite the differences in
substrates, the RecBCD in these structures share very similar conformations. Singleton et al.,30
published the first RecBCD-DNA structure in a crystallography study in 2004 (Figure 3). In this
study, a 43 nucleotide hairpin DNA with 19 base pairs of duplex DNA was used. Out of concern
that the nuclease activity of RecBCD may degrade the DNA substrate, the complex was formed
in the presence of Ca2+, rather than Mg2+.

4

In this crystal structure, RecBCD is bound to the dsDNA end of the hairpin. Four base
pairs from the blunt end of the hairpin (Figure 3 orange) are seen to be separated or ‘melted’ by
RecBCD. The ability of RecBCD to melt 5-6 bp from a blunt duplex DNA end was first
demonstrated by Farah and Smith35.
The 3’ ended ssDNA is threaded through the C-terminal motor domains of the RecB
subunit (Figure 3 red). This is consistent with the fact that RecB is a helicase/translocase that
translocates along ssDNA with a 3’ to 5’ polarity at the cost of ATP hydrolysis25,30,36–39. The
motor domains of RecB belong to the superfamily 1 (SF1) helicase/translocase which means that
it contains the canonical 1A, 1B, 2A and 2B domains found in this family of helicases40 (Figure
4) that include PcrA41, Rep42 and UvrD43. The 1A and 2A domains form a RecA-like interface
that are involved in ATP hydrolysis and DNA translocation. The 1B and 2B domains play
important regulatory roles in other SF1 helicases, such as PcrA, UvrD and Rep44–51. However
they differ in orientation from those in RecB and the RecB 1B domain, referred to as the “arm”,
contains a large insertion that extends towards the duplex DNA42,43,51. The ‘arm’ domain and has
been shown to be important for overall RecBCD helicase activities52. The RecB 2B domain
forms an extensive interface with the 2B domain of RecC. The motor domain (C terminus) of
RecB is connected to an N-terminal nuclease domain (magenta) by a long linker (yellow) (Figure
4). The RecB nuclease domain (RecBNuc) is structurally similar to λ exonuclease53,54 and contains
a single nuclease active site that is responsible for all RecBCD nuclease activities55,56. The Asp
1080 in the nuclease domain has been suggested to play important roles in chelating an Mg2+ ion
crucial for nuclease activity. A point mutation of Asp 1080 to Ala disables the nuclease
activity55,56.

5

The 5’ ended ssDNA strand in the crystal structure is directed towards the RecD
subunit (Figure 3 green) which is another SF 1 helicase. However, RecD uses ATP hydrolysis to
translocate from 5’ to 3’25,30,39,57. RecD also contains the four canonical helicase domains.
However, the 2B domain of RecD was not resolved in the crystal structure30. A subsequent
structure of a RecBCD-DNA complex managed to resolve the RecD 2B subdomain by using a
DNA end possessing a 10 nt 5’ ssDNA overhang31. This is consistent with studies suggesting
that a 5’ ssDNA overhang of 10 nt would be required to reach the RecD subunit20,58,59. It is also
interesting that more recent cryo-EM studies33,34, used a nuclease deficient single site mutant of
RecBCD, RecBD1080ACD55, enabling them to determine a protein-DNA complex structure in the
presence of Mg2+ and ADP. However, no large conformation differences were observed between
the cryo-EM structures and the earlier RecBCD-DNA crystal structures30,31.
The RecC subunit of RecBCD does not have any ATPase activity60. Despite the low
sequence similarities, particularly in key conserved residues for helicase function, between RecB
and RecC, the two subunits share high structural similarities30,61. RecC possesses structurally
similar, but “dead” helicase and nuclease domains equivalent to those in RecB (Figure 4). The
N-terminal domains of RecC that are equivalent to the 1A and 2A helicase domains have been
shown to be important for Chi recognition62,63.

DNA binding by RecBCD
Prior to the published crystal structure, KMnO4 footprinting assays indicated that
RecBCD can melt 5-6 bp in an ATP independent but Mg2+ dependent reaction35. That is,
RecBCD can melt out 5-6 bp using only its binding free energy. Subsequently, our lab has shown
that the binding affinity of RecBCD to DNA ends is highly sensitive to DNA end structures20.
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Taylor and Smith had early studies showing this as well. Using equilibrium fluorescence
titrations in the absence of Mg2+ due to a concern about nuclease activity, Wong et al.20 found
that the affinity of RecBCD to DNA ends increases as the length of the 5’ ssDNA overhang
increases (Figure 5A), reaching a plateau at a 5’-dT10 overhang. For 3’ ssDNA overhangs, the
affinity of RecBCD to DNA ends also increases as the length of 3’ ssDNA overhang increases
(Figure 5A). However, the affinity reaches a peak at 3’-dT6, such that the affinity of RecBCD to
DNA ends decreases as the length of 3’ ssDNA overhang increases further from 6 to 20 (Figure
5A).
In the absence of the RecD subunit, RecBC remains a stable heterodimer and is still a
processive and rapid, although slower helicase, translocase20,23,37,64,65. Wong et al20,58,64.,
characterized RecBC binding to DNA ends containing ssDNA overhangs and found that the
affinity of RecBC to DNA ends reaches a plateau at 5’-dT6 (Figure 5B), shorter than the plateau
at 5’-dT10 for RecBCD. RecBC binds with highest affinity to a DNA end possessing both 3’-dT6
and 5’-dT6 tails (Figure 5B). ITC experiments showed that the decrease in the binding affinities
of RecBC to DNA ends with 3’ ssDNA overhangs longer than 3’-dT6 is due to an unfavorable
entropic contribution20. Based on this it was hypothesized that this was due to a potential loop
formation in the 3’ ssDNA that would be entropically unfavorable. Further ITC experiments
showed that RecBC binding to DNA with both 3’ and 5’ ssDNA overhangs is associated with
much more favorable (negative) binding enthalpy, ΔH, than RecBC binding to a blunt DNA end
(∆H = -17±4 kcal/mol)20,64. The ΔH reaches a plateau for DNA ends possessing both 3’ dT6 and
5’ dT6 tails or longer (up to 3’-dT20/5’-dT20) at ΔH=-64±3 kcal/mol. The difference between ∆H
for blunt ended DNA and the ∆H at the plateau was ∆∆H=47 (±7) kcal/mol for RecBC. This
difference was attributed to the cost of melting 6 DNA base pairs when RecBC binds to a blunt
7

DNA end at 25˚C. This estimates an average of ∆H = +7.8±1.2 kcal/mol of bp melted, which is
very close to estimates of the ∆H for bp melting from DNA melting studies66–68. DNA ends with
both 3’ and 5’ overhangs represent pre-melted DNA ends, hence RecBC binding to such DNA
ends would not need to overcome the unfavorable positive enthalpy contribution due to DNA
melting. These results argue that DNA melting upon RecBC or RecBCD binding to a blunt DNA
end is thermodynamically favored and driven by the interactions between ssDNA regions and
RecBC or RecBCD.

DNA helicase and translocase activities
The helicase and translocase activities of RecBCD have been studied extensively over
the past decades using a variety of biochemical and biophysical techniques21–23,25,37,39,52,57,69–77.
Our lab has used chemical quenched-flow and stopped-flow fluorescence experiments to study
the pre-steady state kinetics of dsDNA unwinding and ssDNA translocation activities of RecBC
and RecBCD21–23,37,52,57,73. Using this approach, Lucius et al.21,22,78 established the minimal
kinetic mechanism that describes DNA unwinding by RecBCD as repeated cycles of ratelimiting steps in which ~4 base pairs of dsDNA are unwound per cycle. RecBCD was also
shown to require additional kinetic steps in order to initiate DNA unwinding from a blunt DNA
end21,22. Later, Wu et al.23 showed that RecBCD can initiate DNA unwinding without these
additional steps from DNA ends possessing both a 5’-dT10 and 3’-dT6 ssDNA overhang (Figure
6A). This result is consistent with the thermodynamics and computational results mentioned
above that a 5’ ssDNA of 10nt long is needed to reach and interact with the RecD subunit in
RecBCD20,58,59. This suggests that the additional kinetic steps needed to initiate from a blunt
DNA end involve some additional DNA melting, since a DNA end possessing 3’ and 5’
overhangs resembles a ‘pre-melted’ DNA end. In addition, a recent single-molecule study75
8

observed that RecBCD undergoes a two-state transition when initiating DNA unwinding from a
blunt DNA end. This transition is bypassed when RecBCD initiates from a DNA end possessing
a 3’ dT6 overhang but not a 5’ dT10 or 5’dT15 overhang. This two-state transition could be related
to the process of DNA melting. Further supporting this, another single-molecule study77,
monitoring the contour length of RecBCD bound DNA substrate suggests that RecBCD can still
transiently melt ~4 bp when RecBCD is bound to a DNA end possessing 5’dT10 overhang.
Wu et al.37,73 also showed that RecBC (without RecD) possesses two translocase
activities controlled by the single ATPase RecB motor. The primary ‘canonical’ translocase
moves from 3’ to 5’ along the 3’-ended ssDNA, whereas the secondary translocase moves 5’ to
3’ along the complementary strand, although it is insensitive to ssDNA polarity37. This
secondary translocase activity is also present in RecBCD57.
Recent studies have showed that processive DNA unwinding by RecBCD can still
occur for at least 80 bp even when ssDNA translocation by the canonical RecB and RecD motors
is inhibited. This activity requires the RecBArm domain that is seen interacting with the duplex
region in the crystal structure (Figure 2). Based on this observation it has been proposed that the
secondary RecBC translocase may reside in the RecB arm region and may actually represent a
double stranded DNA translocase activity that functions ahead of the ssDNA translocating
motors. During DNA unwinding by RecBCD, the RecB motor regulates these two translocase
activities while the RecD motor is only involved in 5’ to 3’ translocation (Figure 6B)57. In
addition to this asymmetric regulation of translocation within RecBCD, studies using RecBCD
mutants disabling either the RecB or the RecD motor showed that RecBCD unwinds DNA at a
higher rate than either motor mutant57,79. RecBCD is also a more robust DNA helicase than
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RecBC23,57. These data suggest that RecB and RecD motors do not function independently within
the RecBCD complex.
Consistent with our findings, single-molecule studies also showed that during
processive DNA unwinding, RecBCD translocates faster in the 5’ to 3’ direction72, thus forming
a loop in the 3’-ended ssDNA39. However, after Chi recognition RecBCD pauses for ~ 3
seconds72. After it resumes the overall unwinding rate is reduced by ~50% and RecB becomes
the leading motor translocating in the 3’ to 5’ direction72. These results have led to the
hypothesis that the RecD motor is somehow inactivated after chi recognition (Figure 6C)70,71. In
addition, the nuclease activity only acts on the 5’-ended ssDNA strand after Chi recognition80–82.
The RecBNuc domain has been shown to be required for loading RecA onto the 3’ ended ssDNA
post Chi recognition83. However, the predicted RecA and RecBNuc binding interface72 is occluded
by RecC in all published RecBCD structures30–32, which represents a pre-Chi conformation.
Therefore, it is expected that conformational changes would occur as a result of Chi recognition
to release RecBNuc from its binding site on RecC. A study also suggests that RecBNuc could adopt
alternative conformations before Chi recognition by leaving its canonical binding site on RecC
as depicted in the structural studies and dock at an alternative site at the RecB/RecC interface84.
More recently, we found that the RecBNuc domain can influence DNA unwinding by
RecBCD52. Deletion of the RecBNuc domain reduces the unwinding rate by ~50%, which is
similar to the effect of Chi recognition on the RecBCD unwinding rate52 (Fazio, unpublished).
This is surprising, because based on the structural studies of a RecBCD-DNA complex (Figure
2), RecBNuc is not located near the dsDNA30–33. Simon et al. also showed that RecBCD is capable
of processive unwinding of duplex DNA even when the RecB and RecD translocase motors are
prevented from moving along the DNA52. This activity requires the RecB nuclease domain and
10

the arm region of RecB that is seen interacting with the duplex region in the crystal structure52
(Figure 2). Given what is known about RecBNuc in Chi recognition mentioned above, deletion of
RecBNuc could resemble the RecBCD conformational state where RecBNuc is released from
binding to RecC (as shown in RecBCD-DNA structures). RecBΔNucCD could potentially be
similar to the post-Chi recognition state of RecBCD. Thus it is of interest to study in more detail
how deletion of RecBNuc affects different aspects of RecBCD-DNA interactions.

Research Goals
The research in this thesis describes detailed thermodynamic studies of RecBCD and
RecB∆NucCD binding to blunt DNA ends and a series of DNA ends possessing different lengths
of 3’- and 5’-ended ssDNA (dTn). To date, only fluorescence studies examining the binding
affinity of RecBCD to DNA ends in the absence of Mg2+ have been reported. Here I describe
both fluorescence and isothermal titration calorimetry (ITC) studies that yield the complete
thermodynamic profiles (ΔG0, ΔH and TΔS0 and ∆C0p for both RecBCD and RecB∆NucCD
binding to DNA ends in the presence and absence of Mg2+. I first thoroughly characterized
RecBCD-DNA binding and in particular the effect of Mg2+ and Na+. To complement these
thermodynamic studies I also report the first atomic resolution structures of RecBCD and
RecBΔNucCD alone using cryo-EM as well as RecBCD and RecBΔNucCD bound to a long (60 bp)
DNA possessing blunt DNA ends. The goal of this research was to examine the energetics of
RecBCD binding to and melting of a blunt DNA end and the influence of Mg2+ and Na+ and to
probe how the RecBNuc domain can exert an effect on DNA binding, DNA melting and DNA
unwinding even though its position in in crystal structures is ~70 Å away from the dsDNA
binding site.
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Figure 1. Schematic representation of the double helix structure of duplex DNA (left) and
the nucleotides within a duplex forming hydrogen bonds between complementary bases
(right). (Figure adapted from https://courses.lumenlearning.com/microbiology/chapter/structureand-function-of-dna/)
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Figure 2. Schematic representation of RecBCD functions in recombination repair of double
stranded DNA breaks. See text for details.
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Figure 3. Crystal structure of RecBCD in complex with a 19bp blunt-ended DNA hairpin.
(A) Cartoon depiction of the RecBCD-DNA complex. (B) Cutaway view of the same RecBCDDNA structure. (Figure adapted from Dillingham and Kowalcykowski 200885, crystal structure
by Singleton et al.30)
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Figure 4. RecB and RecC share structurally similar domains.30,61
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Figure 5. Binding preferences of RecBCD or RecBC to different DNA ends. (A) Binding
constants of RecBCD to 3’-dTn (solid circles) or 5’-dTn (empty circles) with respect to tail length
(n) (in 20mM MOPS, pH7.0, 5% glycerol, 200mM NaCl, 1mM 2-ME, 25°C). (B) Binding
constants of RecBC to 3’-dTn (solid circles) or 5’-dTn (empty circles) with respect to tail length
(n) (in 20mM MOPS, pH7.0, 5% glycerol, 100mM NaCl, 1mM 2-ME, 25°).
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Figure 6. Schematic depiction of RecBCD DNA complexes during (A) initiation of DNA
unwinding, (B) translocation before Chi recognition, (C) translocation after Chi recognition
(Figure from Xie et al., 201357).
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Chapter II
Thermodynamics of RecBCD binding to DNA ends indicates
allosteric roles of RecD that allow RecBCD to melt at least 10-11
base pairs from a blunt DNA end
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Abstract
E. coli RecBCD is a helicase/nuclease involved in repair of double stranded DNA breaks
and in degrading foreign DNA. RecBCD binds to a broken double stranded DNA end and
initiates DNA unwinding by first melting out several DNA base pairs using only its binding free
energy. To examine RecBCD binding to DNA ends in more detail, I have used fluorescence
approaches and isothermal titration calorimetry (ITC) to examine the thermodynamic
components of RecBCD binding to different DNA end structures over a range of [NaCl] and
[MgCl2] and temperature. We observe dramatically different effects of Mg2+ on RecBCD
binding depending on the [NaCl]. RecBCD binding to a blunt DNA end is enthalpically
unfavorable and entropically driven under all conditions. At low (50 mM) [NaCl], Mg2+
enhances RecBCD binding to DNA ends, including a blunt DNA end, and binding is
accompanied by the uptake of one Mg2+ ion. However, at higher (275 mM) [NaCl], RecBCD
binding to a blunt DNA end is inhibited by Mg2+. The unfavorable binding enthalpy becomes
less unfavorable as the [NaCl] increases. In contrast, RecBCD binding to DNA ends possessing
single stranded (ss) DNA flanking regions is enthalpically driven and entropically unfavorable.
We also find that, although the ∆G˚ for RecBCD-DNA binding is optimal for a DNA end
possessing 3’-dT6 and 5’-dT10 tails as previously shown1, the binding enthalpy, ∆H, continues to
change for RecBCD binding to DNA ends possessing longer tail lengths, but an enthalpy/entropy
compensation results in little change in ∆G˚. RecBCD binding to a series of DNA ends
possessing twin ssDNA tails of increasing length suggests that RecBCD interacts with ssDNA as
long as 17-18 nucleotides. Comparisons of these findings with previous results for RecBC
binding to DNA indicates an important role for RecD in regulating RecBCD interaction with

27

both 3’ and 5’ ssDNA tails. These results suggest that RecBCD can melt at least 10-11 base pairs
when it binds to a blunt DNA in contrast to the 4-6 bp observed to be melted in crystal structures.

Introduction
RecBCD is a heterotrimeric helicase and nuclease complex in E. coli2. It plays crucial
roles in recombination repair of double stranded DNA breaks as well as a defense mechanism
degrading foreign DNA, such as from an invading bacteriophage3,4. RecBCD possesses three
subunits, RecB (134kDa), RecC (129kDa) and RecD (67kDa). RecB is a superfamily 1A
helicase and translocase and ATPase that translocates from 3’ to 5’ along single stranded (ss)
DNA5,6. RecD is a superfamily 1B helicase, translocase and ATPase with opposite 5’ to 3’
translocation directionality5,6. RecC does not have ATPase or helicase activities7. When in
complex during DNA unwinding, RecD and RecB translocate along the complementary ssDNA
strands and thus move in the same net direction during unwinding of the duplex DNA.
RecBCD initiates DNA unwinding from a DNA end. However, the process by which
RecBCD forms an active complex to initiate DNA unwinding remains poorly understood.
Crystal structures of a RecBCD-DNA complex2 and KMnO4 footprinting assays8 indicated that
upon binding to a blunt DNA end, RecBCD can ‘melt’ 4-6 bps in a reaction that requires a
divalent cation, but not ATP. This indicates that DNA melting by RecBCD is a
thermodynamically favored process upon DNA binding. The 3’ and 5’ ends of the ssDNA
resulting from DNA melting are directed towards RecB and RecD, respectively2, consistent with
the translocation directionalities of the RecB and RecD motors5,6. However, RecBCD initiation
of DNA unwinding from a blunt end9,10 or a DNA end possessing 3’ dT6 and 5’ dT6 ssDNA
overhang11 requires additional kinetic steps compared to unwinding that initiates from a DNA
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end possessing 3’dT6 and 5’dT10 overhangs. The extra kinetic steps could be related to the need
to melt additional DNA and/or steps that result in engagement of the RecD motor in order to
form an active initiation complex. Recent single-molecule studies by Carter and Perkins12
demonstrate that RecBCD binding to a DNA end with 5’dT10 or 5’dT20 overhangs exhibits more
conformational dynamics than binding to a blunt DNA end, suggesting that engaging the RecD
motor with a long enough 5’ ssDNA overhang leads to an unwinding competent initiation
complex. Similarly, another single-molecule study13 demonstrated that RecBCD is more
dynamic when bound to DNA ends with 5’ overhangs compared to a blunt DNA end or DNA
ends with 3’ overhangs. Despite structural data providing details of the protein DNA interactions
within the RecBCD initiation complex2,14–16 and single molecule data monitoring the dynamics
of RecBCD binding to different DNA end structures12,13, the thermodynamic driving forces for
the formation of RecBCD-DNA complexes have not been investigated in detail.
RecBC, in the absence of the RecD subunit, can also initiate processive dsDNA
unwinding from a DNA end11,17,18. The thermodynamics of RecBC binding to DNA ends has
previously been examined in detail1,19,20. Using equilibrium fluorescence titrations, these studies
showed that RecBC binds with optimal affinity to DNA ends possessing a 3’dT6 and 5’dT6
overhangs (Figure 2A and 2B) (under the solution conditions of 20mM MOPS-KOH, pH7.0, 100
mM NaCl, 10 mM MgCl2, 25.0˚C)1,19. Isothermal titration calorimetry (ITC) studies also showed
that RecBC binding to a blunt DNA end is enthalpically favorable (ΔH= -17± 4 kcal/mol) and
entropically unfavorable (TΔS = -7 ± 4 kcal/mol) (Figure 2C) (100 mM NaCl, 10 mM MgCl2,
pH 7, 25.0˚C)1,20. KMnO4 footprinting also showed that RecBC can melt at least 4 base pairs
from a blunt dsDNA end20. RecBC binding to a blunt DNA end must overcome the unfavorable
(positive) enthalpy that accompanies duplex DNA melting, since DNA base pair formation is
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enthalpically favorable21–23. A DNA end possessing both 3’ and 5’ ssDNA overhangs resembles
a ‘pre-melted’ DNA end (Figure 2C). RecBC binding to such DNA ends will have to overcome
less or no enthalpic penalties from DNA melting, depending on the length of the ssDNA
overhang. Wong et al.20 observed that as the length of the ssDNA overhangs increases the
enthalpy of RecBC binding to DNA ends becomes more favorable, reaching a plateau of ΔH= 64 ± 3 kcal/mol for binding to a 3’T6/5’T6 end (Figure 2C) (100 mM NaCl, 10 mM MgCl2, pH 7,
25.0˚C). The difference in enthalpy between RecBC binding to a blunt DNA end and 3’T6/5’dT6
DNA end is ~ 47 kcal/mol. This yields an estimate of ΔH= +8 ± 1 kcal/mol for melting one base
pair on average, assuming that RecBC melts 6 base pairs20.
There is another motivation for the studies presented in this chapter. Simon et al.24
demonstrated that the rate of dsDNA unwinding by RecBCD is slowed by ~65% when the RecB
nuclease domain (RecB residue 930-1180, referred to as RecBNuc, Figure 1) is deleted. A point
mutation of a conserved key residue within the RecBNuc active site, Asp 1080 to Ala, disables the
nuclease activity of RecBCD (Figure 1)25, however, RecBD1080ACD, unwinds DNA at the same
rate as wildtype RecBCD24. This suggests that the presence of the RecBNuc domain affects
dsDNA unwinding by RecBCD. This result was surprising because in all of the RecBCD-DNA
structures published to date, RecBNuc is located on the opposite end of the RecBCD-DNA
complex far from the DNA binding site (Figure 1)2,14–16. To understand the role of RecBNuc in
RecBCD-DNA interaction, it is essential to characterize how RecBCD and RecB∆NucCD bind to
dsDNA ends in detail. I make this comparison in Chapter 3.
Wong et al.1 have also shown using fluorescence equilibrium titrations that RecBCD
binds with optimal affinity to a DNA end possessing 3’dT6 and 5’dT10 overhangs (Figure 2D).
Expanding upon this, I present in this Chapter detailed thermodynamic characterizations of
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RecBCD binding to different DNA end structures primarily using ITC. We also examined the
effects of Na+ and Mg2+ and temperature on the energetics of RecBCD binding to DNA ends.
Our results suggest that RecBCD is able to melt more than 6 bp from a blunt DNA end. When
compared to the previous RecBC studies, these results emphasize the importance of RecD in the
overall interactions of RecBCD with DNA.

Material and Methods
Buffers
Reagent grade chemicals and double-distilled water further deionized with a Milli-Q
purification system (Millipore Corp., Bedford, MA) were used to make all buffers in this study.
Buffer A is 50 mM Tris HCl, pH 7.5, 10% sucrose. Buffer C is 20 mM potassium phosphate, pH
6.8, 0.1 mM 2-mercaptoethanol, 0.1 mM EDTA, 10% (v/v) glycerol. Buffer M is 20 mM MOPSNaOH (pH 7.0), 1mM β-mercaptoethanol, 5% (v/v) glycerol. We performed binding experiments
in Buffer M containing different concentrations of NaCl and MgCl2. To indicate these
differences, we designate the buffers as Buffer Mx-y where x is the NaCl concentration (mM)
and y is the [MgCl2] (mM). For example, Buffer M30-10 contains 30 mM NaCl and 10 mM
MgCl2. The concentrations of stock MgCl2 solutions were determined by measuring the
refractive index using a Mark II refractometer (Leica Inc., Buffalo, NY), which can be related to
the [MgCl2] using a standard table26.
Proteins
RecBCD purification protocols were adapted from previous studies from our lab9,10,24
with modifications detailed below. Unless specified, all purification steps were performed at 4°C
or on ice.
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RecBCD was overexpressed in E. coli strain V2831 (a gift from Dr. Gerald R. Smith27).
E. coli was grown in TB broth to OD600=0.6-1.0, induced with 1 mM IPTG and grown overnight
at 37°C. Cells were centrifuged and stored at -80°C. Frozen cell pellets were thawed and
resuspended in Buffer A (100 ml/25g cells). During this process, 2-mercaptoethanol (2-ME) was
added to a final concentration of 1 mM, NaCl to 0.1 M, EDTA to 5 mM, PMSF to 1 mM and
lysozyme to 0.1 mg/ml. The cell suspension was warmed and continuously stirred in a 37°C
water bath until it reached 20°C. The cells were then disrupted by sonication with a setting of
50% amplitude and cycles of 1 second on and 1 second off. The lysate was then centrifuged at
14k rpm using a JA-14 rotor, at 4°C for 90 min and the pellet discarded. Polymin P solution (5%
stock, pH 7.9) was added slowly to the supernatant with continuous stirring at 4°C to obtain a
final concentration of 0.3%. The polymin P precipitant containing RecBCD was separated from
the supernatant by centrifugation and the pellet was resuspended in Buffer C + 1 M NH4Cl. The
resuspension was then centrifuged and the supernatant containing RecBCD is kept. RecBCD is
then precipitated from the supernatant by gradually adding (NH4)2SO4 to a final concentration of
290 g/L with constant stirring. The (NH4)2SO4 precipitant is separated from the supernatant by
centrifugation and can be stored at -80°C. The (NH4)2SO4 pellet is dissolved in Buffer C (no salt)
until the conductivity of the resulting solution reaches the equivalent of Buffer C + 0.1 M
NH4Cl. The resuspended solution is centrifuged to remove any insoluble particulates and the
supernatant is loaded onto a 50ml HQ column. The HQ column is then washed with Buffer C +
0.1 M NH4Cl and eluted using a linear gradient from 0.1 M to 0.5 M NH4Cl in Buffer C using a
total of 4 column volumes and collecting 6ml fractions. The column fractions were analyzed
using an 8% SDS PAGE denaturing gel. The fractions containing RecBCD were pooled and
diluted using an equal volume of 10% glycerol (in H2O). This step reduces the potassium
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phosphate and NH4Cl concentration so that it can be loaded directly onto a 30ml Ceramic
Hydroxyapatite (CHT) column. The CHT column is used primarily to remove DNA polymerase.
RecBCD does not bind to the CHT column and thus is found in the flow through. The
conductivity of the flow through from the CHT column is then adjusted using buffer C with no
salt to reach a conductivity equivalent to Buffer C + 0.1 M NH4Cl before loading onto a 20ml
ssDNA cellulose column. The column is then washed with Buffer C + 0.1 M NH4Cl and eluted
using a linear gradient from 0.1 M to 0.5 M NH4Cl in Buffer C. A Hitrap heparin column (two 5
ml HiTrap Heparin HP affinity columns linked together in tandem, cytiva, Marlborough, Ma) is
then used to separate RecBCD heterotrimer from heterohexamer ((RecBCD)2), as noted in earlier
studies (loading at Buffer C + 0.1 M NH4Cl, eluting with a 120ml gradient of 0.1-0.5 M NH4Cl
in Buffer C, at 2ml/min, 4ml/fraction)24,28. However, a significant fraction of RecBCD remains
in the heterohexamer form. We found that much, although not all of the RecBCD heterohexamer
can be converted to heterotrimer through ~8hr incubation in Buffer C + 2M NH4Cl, followed by
dialysis vs. Buffer C. Any heterohexamers remaining can be separated from the hetero-trimer by
repeating the Hitrap Heparin column (Discussed further in the results section).
Purified RecBCD was dialyzed into Buffer C, aliquoted and flash-frozen in liquid
nitrogen and stored at -80°C. RecBCD concentration was determined by an absorbance spectrum
in Buffer C, using an extinction coefficient9 of ε280=4.11×105M-1cm-1.
Bovine serum albumin (Sigma St. Louis, MO) concentration was determined by
absorbance using an extinction coefficient of ε280=4.3×104M-1cm-1 in Buffer C1.
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DNA substrates
Oligodeoxynucleotides were synthesized using a MerMade 4 synthesizer (Bioautomation,
Plano, TX) with phosphoramidate reagents (Glen Research, Sterling, VA). The synthesized DNA
was purified as described29. The concentration of each oligodeoxynucleotide was determined
spectrophotometrically after digestion by phosphodiesterase I (Worthington, Lakewood, NJ) to
form a mixture mononucleotides24. The extinction coefficient at 260 nm was calculated as the
sum of individual mononucleotides (ε260=15340M-1cm-1 for AMP, ε260=7600M-1cm-1 for CMP,
ε260=121600M-1cm-1 for GMP, ε260=8700M-1cm-1 for TMP30 and ε260=5000M-1cm-1 for Cy3
(Glenn Research) based on the sequence of each DNA strand (Table 2). A double-stranded DNA
substrate is formed by annealing the two corresponding single stranded oligodeoxynucleotides.
The mixture is heated to 95C for 5 minutes and allowed to cool slowly to 25°C24.
Sedimentation Velocity
Sedimentation velocity experiments were performed at 42000 rpm, 25°C, using an
An50Ti rotor in an Optima XL-A analytical ultracentrifuge (Beckman Coulter, Fullerton, CA,
USA). The concentrations of RecBCD used were between 0.3-1 µM, and sedimentation was
monitored by absorbance at 230 or 280 nm. The sedimentation data were analyzed using
SEDFIT, to yield continuous sedimentation coefficient distributions, c(s)31,32. SEDNTERP was
used to determine the density and viscosity of reactant buffers at 25°C and the partial specific
volume of RecBCD (0.736ml/g).
Fluorescence Titrations
Fluorescence titrations were performed as described1,19,20,24 using a PTI QM-4
fluorometer (Photon Technology International, Lawrenceville, NJ) with a Xe lamp. Slit widths
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were set at 0.5 mm. The sample temperature was set to 25°C and controlled using a Lauda RM6
recirculation water bath (Brinkmann, Westbury, NY). The experiments were performed using
Type 3 quartz fluorometer cuvettes (3.5ml) with 10mm pathlength (NSG Precision Cells Inc.,
Farmingdale, NY). 1.9ml of reaction buffer, containing the DNA substrate and 6µM of BSA
(Sigma St. Louis, MO) was added to each cuvette. BSA was used to prevent RecBCD from
sticking to cuvette walls as described previously1,10. The initial Cy3 fluorescence intensity (DNA
substrate without RecBCD), F0, was recorded after Cy3 emission signal equilibrated. RecBCD
(0.8-1.5µM) was titrated into the cuvette containing a Cy3-labeled DNA substrate (5-20nM).
Cy3 fluorescence was monitored by exciting at λex=515nm and monitoring fluorescence at
λem=563nm. The sample solutions in the cuvettes were constantly stirred using a P-73 cylindrical
cell bar (diameter of 8mm, NSG Precision Cells Inc). Upon each addition of ReBCD, the
solution was stirred for at least 2 min or until Cy3 emission signal stabilized before Cy3
fluorescence was recorded. The corrected fluorescence, Fi.corr, after each protein addition was
adjusted for dilution using equation (1):
𝑉

𝐹𝑖.𝑐𝑜𝑟𝑟 = (𝐹𝑖 − 𝐹𝑏 ) 𝑉𝑖

(1)

0

in which V0 is the initial volume (1.9ml), and Vi is the total volume in the cuvette after ith
addition of RecBCD. Fb is the background fluorescence, measured by using a cuvette containing
only the buffer. ΔFobs is defined as observed fluorescence change in equation (2):
∆𝐹𝑜𝑏𝑠 =

𝐹𝑖.𝑐𝑜𝑟𝑟 −𝐹0.𝑐𝑜𝑟𝑟
𝐹0.𝑐𝑜𝑟𝑟

(2)

where F0.corr is the initial Cy3 fluorescence before addition of RecBCD. ΔFmax is the maximum
value of ΔFobs when RecBCD saturates the DNA substrate.
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RecBCD binding to DNA is described in Scheme 1, where B represents RecBCD and D for
DNA. BD indicates a DNA molecule with a single RecBCD bound and B2D is a fully saturated
DNA with 2 RecBCD bound at both DNA ends.

K1 in Scheme 1 represents the step-wise macroscopic binding constant for the formation of BD
and K2 for the formation of B2D. The step-wise binding constants can be related to the
equilibrium site binding constants in equation (3):
[𝐵𝐷]

𝐾1 = (𝐾𝑟,𝐴 + 𝐾𝑟,𝐵 ) = [𝐵

𝑓 ][𝐷𝑓 ]

(3)

In equation (3), Kr,A and Kr,B are the equilibrium binding constants to the two ends of a reference
DNA duplex. We have shown in the results section that RecBCD binds identically to the two
DNA ends, which is consistent with earlier studies by Wong et al., using the same DNA
substrate1,19,20. Thus Kr is used as the equilibrium constant of RecBCD binding to a DNA end
and Kr,A=Kr,B=Kr. [Bf] is the free RecBCD concentration, [Df] is the free DNA concentration.
[BD] is the concentration of the DNA molecules with one protein bound.
Since RecBCD binds independently to each DNA end, ΔFobs/ΔFmax = the fraction of DNA ends
bound to RecBCD and is related to the equilibrium constant of RecBCD binding to a DNA end
(Kr) and the free RecBCD concentration (Bf) as in equation (3):
∆𝐹𝑜𝑏𝑠
∆𝐹𝑚𝑎𝑥

=
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2𝐾𝑟 𝐵𝑓
1+𝐾𝑟 𝐵𝑓

(4)

By substituting the mass conservation equations as described previously1,33, ΔFobs/ΔFmax
can be explicitly related to the total RecBCD concentration (BT), total DNA concentration (DT)
and Kr as in equation (4):
∆𝐹𝑜𝑏𝑠
∆𝐹𝑚𝑎𝑥

=

1+𝐾𝑟 (𝐵𝑇 +2𝐷𝑇 )−√4𝐾𝑟 𝐵𝑇 +(1−𝐾𝑟 𝐵𝑇 +2𝐾𝑟 𝐷𝑇 )2
4𝐾𝑅 𝐷𝑇

(5)

Plots of ΔFobs versus BT were obtained at different DT (such as shown in Figure 6D) and
analyzed by global NLLS using Scientist (MicroMath Scientist Software, St. Louis, MO) to
obtain Kr and ΔFmax.
Competition Fluorescence Titrations
Competition fluorescence titrations were used to obtain equilibrium constants (KBCD.obs)
for RecBCD binding to non-fluorescent DNA substrates (Figure 7D and 7E) as described1,33. In
these experiments, RecBCD (0.8-1.5µM) is titrated into two cuvettes, one containing 5 nM
fluorescently labeled ‘reference DNA’ (Figure 5A) and the other one containing 5nM reference
DNA and 5-30nM of a non-fluorescent competitor DNA substrate.
The binding of RecBCD to DNA ends in such an experiment is described in Scheme 2. B
and D represents RecBCD and DNA as in scheme 1 and N represents the non-fluorescent
competitor DNA. K1 and K2 are the same step-wise macroscopic binding constants as in scheme
1. K3 and K4 are the step-wise macroscopic binding constants for the formation of BN, an
unlabeled DNA duplex with a single RecBCD bound, and B2N, an unlabeled DNA duplex with
two RecBCD bound, respectively.
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Similar to equation 3 for scheme 1,
[𝐵𝑁]

𝐾3 = (𝐾𝐴 + 𝐾𝐵 ) = [𝐵

(6)

𝑓 ][𝑁𝑓 ]

KA and KB are the site binding constants for RecBCD binding to one end of a nonfluorescent competitor DNA. [BN] is the concentration of non-fluorescent competitor DNA with
a single RecBCD bound. [Bf] and [Nf] are concentrations for free RecBCD and free nonfluorescent competitor DNA, respectively. Since RecBCD binds to the two ends of nonfluorescent competitor DNA with the same binding constants, KBCD is used to describe the
equilibrium binding constant of RecBCD to one end of a non-fluorescent DNA and
KBCD=KA=KB.
Because of the addition of non-fluorescent competitor DNA, description of BT now
includes total concentration of non-fluorescent DNA and KBCD, as shown in equation (5):

𝐵𝑇 = 𝐵𝑓 (1 + 2 (

𝐾𝐵𝐶𝐷 𝑁𝑇

(1+𝐾𝐵𝐶𝐷 𝐵𝑓 )

2

+

𝐾𝑟 𝐷𝑇
(1+𝐾𝑟 𝐵𝑓 )

2

) + 2𝐵𝑓 (

2
𝐾𝐵𝐶𝐷
𝑁𝑇

(1+𝐾𝐵𝐶𝐷 𝐵𝑓 )

2

+

𝐾𝑟2 𝐷𝑇
(1+𝐾𝑟 𝐵𝑓 )

2

))

(7)

NLLS analysis in Scientist (Micromath Scientist Software, St. Louis, MO) can be used to
globally fit titration curves of RecBCD binding to the reference DNA only and reference DNA +
non-fluorescent competitor mixture by combining equation (4) and (7) to obtain KBCD.obs.
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Isothermal Titration Calorimetry
ITC experiments were performed using a VP-ITC calorimeter (Malvern Panalytical,
Malvern, UK) as described1,20,34. Both RecBCD and the DNA substrate used were extensively
dialyzed against the reaction buffer at 4°C. All samples were centrifuged to remove any
insoluble particulates and degassed before use. In this study, RecBCD (in the sample cell, with a
concentration range from 0.5 to 1µM) was titrated with 10 µl injections (up to 25 injections) of a
DNA substrate (3-5 µM in the syringe) at 5 min intervals with a stirring rate of 130 rpm.
The observed heat for the ith injection (ΔQi) can be obtained via equation (8), as
described in earlier studies1,20,34:
𝑑𝑉

𝑡𝑜𝑡
𝑡𝑜𝑡
𝛥𝑄𝑖 = 𝑄𝑖𝑡𝑜𝑡 − 𝑄𝑖−1
+ 2𝑉 𝑖 (𝑄𝑖𝑡𝑜𝑡 + 𝑄𝑖−1
)
𝑜

(8)

where 𝑄𝑖𝑡𝑜𝑡 is the total heat after the ith injection. dVi is the volume of the ith injection and V0 is
the volume of the cell (1.43ml).
𝑄𝑖𝑡𝑜𝑡 is analyzed using a two independent and identical sites model1,10. The NLLS analysis
algorithm (Malvern Panalytical, Malvern, UK) in the Origin 7.0 software was used to fit 𝑄𝑖𝑡𝑜𝑡 as
a function of DNA concentration against equation (9) to yield the observed enthalpy change
(ΔHobs) and equilibrium binding constant (KBCD) for RecBCD binding to one DNA end, and the
binding stoichiometry (N):

𝑄𝑖𝑡𝑜𝑡 = ∆𝐻𝑜𝑏𝑠 𝑉0 𝐷𝑖𝑇

𝑓

2𝐾𝐵𝐶𝐷 𝐵𝑖

𝑓

1+𝐾𝐵𝐶𝐷 𝐵𝑖

= ∆𝐻𝑜𝑏𝑠 𝑉0 𝐷𝑖𝑇

1+𝐾𝐵𝐶𝐷 (𝐵𝑖𝑇 +2𝐷𝑖𝑇 )−√4𝐾𝐵𝐶𝐷 𝐵𝑖𝑇 +(1−𝐾𝐵𝐶𝐷 𝐵𝑖𝑇 +2𝐾𝐵𝐶𝐷 𝐷𝑖𝑇 )2
2𝐾𝐵𝐶𝐷 𝐷𝑖𝑇

(9)
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We emphasize that in equation (9) ΔHobs and KBCD are for RecBCD binding to one end of
a dsDNA substrate. V0 is the volume of the calorimetry cell (1.43ml). 𝐷𝑖𝑇 is the total
𝑓

concentration of the DNA substrate after ith injection. 𝐵𝑖 is the free RecBCD concentration after
ith injection and 𝐵𝑖𝑇 is the total RecBCD concentration after ith injection.
When Kobs can be accurately measured (103M-1<Kobs<109M-1), a standard state free
energy change of binding (ΔG0) and the entropy change of binding (TΔS0) can be calculated
using the following equations:
∆𝐺 0 = −𝑅𝑇𝑙𝑛(𝐾𝑜𝑏𝑠 )

(10)

∆𝐺 0 = ∆𝐻 − 𝑇∆𝑆 0

(11)

In Figure 5A-C, Figure 8, 10 and 13A-D, 𝛥𝑄𝑖 was normalized to the amount of injectant
(DNA) to yield 𝛥𝑄𝑖,𝑛𝑜𝑟𝑚 (equation 12), which is plotted as a function of [DNA]tot/[RecBCD]tot.
𝛥𝑄

𝛥𝑄𝑖,𝑛𝑜𝑟𝑚 = 𝑑𝑉 𝐷𝑖 𝑇
𝑖

(12)

Gel assay to detect RecBCD nuclease activity
A reaction buffer is made containing 20mM Tris-HCl, pH7.5, 50mM NaCl, 4mM MgCl2
and 1 mM 2-ME. DNA substrate and RecBCD were added to final concentrations of 10. nM and
20 nM, respectively in a total reaction volume of 30µl. The solution is mixed well and incubated
at 25°C for 30min. A final concentration of 3.5% SDS or protease K is added to denature
RecBCD in the reaction. The reaction is then loaded onto a 2.5% agarose gel and run at 110V for
1.5hrs. The gel is then stained with ethidium bromide solution and visualized under UV light of a
gel imager.
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Results
Assembly state of RecBCD and improvements in purification protocols
RecBCD is known to function as a heterotrimer in solution2,35. However, we and others
have noted that RecBCD can exist as a mixture of heterotrimer and a higher molecular weight
species24,28. Judging from the molecular weight and the presence of all 3 subunits, it was
suggested28 that the higher order form of RecBCD is a hexamer of (RecBCD)2.
We have also observed the presence of (RecBCD)2 during our purifications of RecBCD.
Figure 3A shows an elution profile of RecBCD from a Hitrap Heparin column. The green line
shows the change in absorbance at 280 nm while the red line shows the buffer conductivity
(mS/cm) during elution using a linear [NH4Cl] gradient elution. Each of the light and dark blue
stripes in the background indicates a 4ml elution fraction. Three peaks are observed in the elution
profile. Figure 3B and 3C show 8% denaturing and 5% native polyacrylamide gels, respectively,
of fractions 11 to 24 (between the dashed lines) in Figure 3A. These results show that RecBCD
trimer elutes from the Hitrap Heparin column at a lower [NH4Cl] (20-30mS/cm) than does
(RecBCD)2 (32-40mS/cm). Interestingly, free RecB appears to elute at the highest [NH4Cl]
concentration (3rd peak in Figure 3A, at 40-45mS/cm). This shows that the use of Hitrap Heparin
column can separate RecBCD from (RecBCD)2 as described previously24. However, a significant
portion of the purified RecBCD exists in the form of (RecBCD)2. This motivated us to find
solution conditions that would favor RecBCD trimers in order to improve the RecBCD
purification yield.
We first examined mixtures of RecBCD and (RecBCD)2 using sedimentation velocity.
Figure 4A shows the presence of both RecBCD and (RecBCD)2 in samples obtained from two
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independent purification procedures. These samples were taken before the Hitrap Heparin
column and after extensive dialysis in Buffer C at 4°C. The peaks at 8.9 S (s20,w =13.9 S)
correspond to RecBCD trimer while the peaks at 13.0 S (s20,w=20.3 S) correspond to (RecBCD)2.
Together with the elution profile shown in Figure 3A, these demonstrate that the relative
populations of RecBCD and (RecBCD)2 can vary between preps despite following the same
protocol as carefully as possible. However, we have not been able to identify the step or steps
that contribute to this this variation. However, we have observed that once we have separated
RecBCD from (RecBCD)2 using the Hitrap Heparin column, these purified samples do not reequilibrate into a mixture after up to 4 days of dialysis in Buffer C or Buffer M at 4°C (data not
shown). Hence RecBCD and (RecBCD)2 do not appear to be in a rapid equilibrium. One positive
aspect of this result is that once purified, RecBCD heterotrimer does not reform (RecBCD)2
under our solution conditions. This has been verified by performing sedimentation velocity
experiments on our RecBCD samples before each set of DNA binding experiments.
We made some attempts to determine whether changes in solution conditions might
influence the relative distributions of a mixture of RecBCD and (RecBCD)2. Figure 4B shows
the results of sedimentation velocity experiments on RecBCD/(RecBCD)2 mixtures in Buffer C
containing different concentrations of salt, all dialyzed from the same initial sample of
RecBCD/(RecBCD)2 in Buffer C. As [NaCl] increases from 0 to 1M, the sedimentation
coefficients for both RecBCD and (RecBCD)2 decrease from 8.9 S (s20,w=13.9 S) to 6.8 S (s20,w
=10.2 S) for the RecBCD sample and from 13.0 S (s20,w =20.3 S) to 10.2 S (s20,w =15.4 S) for the
(RecBCD)2 sample. This decrease in s value for the RecBCD sample corresponds to a decrease
in the estimated molecular weight by 55kDa from 325 to 270 kDa, the latter being close to the
expected molecular weight of RecBC (263 kDa). This decrease in sedimentation coefficient as
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[NaCl] increases could result from a reduced hydrodynamic radius of RecBCD at high salt, but
suggests some dissociation of RecD from RecBCD to form RecBC.
With increasing [NaCl], we also observed small changes in the relative population of
RecBCD and (RecBCD)2 (Figure 4B and Table 1). The starting sample in Buffer C with no salt
contains 59% RecBCD and 41% (RecBCD)2. Dialysis of this mixture into Buffer C containing
higher [NaCl] does result in an increase in RecBCD content, 63% RecBCD in Buffer C + 500
mM NaCl and 71% RecBCD, in Buffer C + 1 M NaCl. However, dialysis vs. Buffer C + 500
mM NH4Cl shows an even larger re-equilibration of (RecBCD)2 to RecBCD (76%). This
suggests that there may be cation specific effects that cause (RecBCD)2 to dissociate. Based on
this observation, we have modified the purification protocol and now use NH4Cl rather than
NaCl in the purification process. However, we found no effect of 10 mM MgCl2 in changing the
relative population of RecBCD and (RecBCD)2. We did not test higher concentrations of MgCl2
or other cations. Interestingly, we have never found conditions that convert RecBCD to
(RecBCD)2.
N. Fazio investigated the effect of NH4Cl further and discovered that dialysis of the
(RecBCD)2 fractions eluted from the Hitrap Heparin column in Buffer C + 2 M NH4Cl (up to 10
hrs. at 4°C) followed by dialysis back to Buffer C with no salt (up to overnight at 4°C) facilitates
conversion of the majority of (RecBCD)2 to RecBCD. Sedimentation velocity experiments in
Buffer C + 2 M NH4Cl show that RecBCD and (RecBCD)2 are dissociated into individual
subunits due to the high NH4Cl concentration (N. Fazio, unpublished). Dialysis back into Buffer
C with no salt can reconstitute the individual subunits into mostly RecBCD hetero-trimer as well
as some (RecBCD)2. This mixture containing an enhancement of RecBCD can then be reapplied
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to the Hitrap Heparin column to purify RecBCD from (RecBCD)2. This procedure has been
incorporated into the current RecBCD purification protocol.
Our observations suggest that (RecBCD)2 represents a species where two molecules of
RecBCD trimer are kinetically trapped together. Interestingly, in our purification of
RecBΔNucCD, in which the nuclease domain of RecB has been deleted, we never observe species
other than RecBΔNucCD hetero-trimer (Chapter 3). This suggests that the presence of RecB
nuclease domain facilitates the formation of (RecBCD)2. Given the expected conformational
flexibility associated with the linker between RecBNuc and RecB motor domain, it is possible that
(RecBCD)2 results from a domain swap of the nuclease domains between two trimers. However,
it is also interesting to note that no (RecBC)2 was observed in experiments where RecBC was
reconstituted from RecB and RecC1. This suggests that RecBNuc behaves differently in RecBC
than in RecBCD complexes, possibly reflecting a difference in RecBNuc dynamics in these two
complexes.
In addition to salt concentration and type, we also examined the effect of pH on the
relative populations of a mixture of RecBCD and (RecBCD)2 using sedimentation velocity. For
these experiments (Figure 4C), samples from the same RecBCD/(RecBCD)2 mixture at pH 6.8
(which is the pH we use for purification) were dialyzed into Buffer C at different pH values.
Compared to the results at pH 6.8, both lower and higher pH resulted in dissociation of
(RecBCD)2 (the peak at ~12 S). Unfortunately, those changes in pH also result in some
dissociation of the RecBCD trimer. At pH 7.8 (green distribution), we observe a mixture of
RecBC (peak at ~7.5 S) and individual RecB and RecC subunits (peak at ~5 S). At pH 5.8 (red
distribution), we observe a mixture of RecBCD and individual RecB and RecC subunits. These
results suggest that dialysis od (RecBCD)2 into buffers at pH 5.8 or 7.8, followed by dialysis
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back to buffer at pH 6.8 could also serve as a way to convert RecBCD hexamer to RecBCD
hetero-trimer. We have also tried high concentrations of reducing agents, up to 4mM TCEP and
10mM β-mercaptoethanol. However, those conditions did not shift the relative populations
within a RecBCD-(RecBCD)2 mixture (data not shown).
Early biochemical studies also recognized this dimeric form of RecBCD28,36,37.
Purification procedures were also developed using a heparin column to separate trimeric
RecBCD from mixtures of RecBCD and (RecBCD)228. Functionally, (RecBCD)2 has been shown
to have much lower (~25%) ATP dependent nuclease activity than RecBCD28. This could result
if the nuclease domains are swapped between the two trimers as we hypothesize. However, it is
unclear whether (RecBCD)2 can bind to DNA ends or unwind dsDNA. It was assumed that
(RecBCD)2 formation was induced due to the high levels of overexpression28.
Nuclease activity of RecBCD
Since the nuclease domain of RecBCD is active in buffers containing Mg2+, we were
concerned that this nuclease activity might affect the results of some of the DNA binding studies
especially for DNA substrates possessing long ssDNA flanking regions. For this reason, in most
of our studies we compared the behavior of wildtype RecBCD with RecBD1080ACD, a single
point mutant with no nuclease activity25. Our ITC experiments showed that, in the presence of
Mg2+, RecBD1080ACD and RecBCD bind to blunt-ended DNA with the same thermodynamic
parameters (Figure 5A). Figure 5B shows that RecBCD and RecBD1080ACD bind to DNA ends
possessing a 3’(dT)10 tail with identical thermodynamic parameters. For binding to DNA ends
possessing (dT)n tails on both 3’ and 5’end, we found that RecBCD and RecBD1080ACD showed
the same binding parameters (within error) up to n=15 (Figure 5C and Figure 14) in 275mM
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NaCl and 10mM MgCl2 (Buffer M275-10, 25°C). These results demonstrate that the RecBD1080A
mutation does not alter how RecBCD binds to DNA ends and that for DNA ends possessing 3’
or 5’(dT)n tails with n≤15.
However, ITC experiments with RecBCD binding to twin-tailed dTndTn DNA substrates
with n≥20 showed broader peaks for each injection and a larger apparent stoichiometry
([RecBCD]/[DNA]) than for RecBD1080ACD (data not shown). This is likely due to nuclease
activity on these DNA substrates in the presence of Mg2+. However, RecBCD binding to DNA
ends possessing both 3’(dT)6 and 5’(dT)20 showed no detectable nuclease activity in a gel assay
(Figure 5D, see Material and Methods) and identical binding parameters to the same experiment
using RecBD1080ACD. This suggest that the potential nuclease activity observed in RecBCD
binding to dT20dT20 DNA substrate is due to degradation of the 3’ tail.
Our results demonstrate that the RecBD1080A mutation does not alter how RecBCD binds
to DNA ends. For binding to dTndTn DNA substrates with n≥20 in the presence of Mg2+, the
difference between RecBCD and RecBD1080ACD is only due to the nuclease activity for RecBCD.
Thus our thermodynamic results for RecBD1080ACD binding to DNA can be used to draw
conclusions for RecBCD-DNA binding in the absence of nuclease activity. These results also
suggest that, upon DNA binding in the presence of Mg2+, RecBCD does not degrade DNA ends
possessing 3’ and 5’ (dT)n tails with n ≤ 15. A possible explanation for this is that the DNA tails
have to be threaded through channels within the RecBCD complex (Figure 1)2,14–16 to reach
RecBNuc in order for them to be degraded and that a ssDNA tail of 15 nucleotides on either the 3’
or 5’ end is not long enough to reach the nuclease active site.
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Equilibrium binding of RecBCD to DNA ends using fluorescence titrations
We first studied RecBCD binding to DNA ends by fluorescence using a Cy3 labeled
‘reference DNA’ substrate following the studies of Jason Wong1,19,20. The substrate, depicted as
Reference DNA in Table 2, consists of 60 base pairs (bp) of mixed DNA sequence (Table 2)
with both DNA ends possessing a 5’Cy3 and a 3’dT4 flanking region (tail). This DNA is long
enough so that two RecBCD hetero-trimers can bind to each DNA end independently1 with a
footprint of 20-22bp2,37. Wong et al. showed that each end of this reference DNA binds one
RecBCD trimer independently and identically. Upon RecBCD binding, a large enhancement in
Cy3 fluorescence (~90%) is observed as shown in Figure 6A due to a protein induced
fluorescence enhancement (PIFE)1,19,20,38–40. Cy3 PIFE has been used to study the DNA binding,
DNA unwinding and single stranded DNA translocation activities of RecBCD1,9,11,17,41.
In this report, we performed equilibrium binding experiments in Buffer M containing
different concentrations of NaCl and MgCl2. To indicate these differences, we designate the
buffers as Buffer Mx-y where x is the [NaCl] (mM) and y is the [MgCl2] (mM) (see Material and
Methods) For example, Buffer M30-10 contains 30 mM NaCl and 10 mM MgCl2. We first
titrated reference DNA (5nM or 10nM) with RecBCD in Buffer M30-10 at 25°C. These are
conditions under which RecBCD binds DNA with such high affinity that it cannot be measured
accurately with this assay. However, due to the high binding affinity, these conditions can be
used to determine an accurate binding stoichiometry. We performed titrations of the reference
DNA with RecBCD at two DNA concentrations (5 nM and 10 nM). When plotted as Cy3
fluorescence enhancement vs. [RecBCD]total/[DNA]total, these experiments yield identical
titration curves with Cy3 enhancement increasing linearly with [RecBCD]/[DNA] to a maximum
of 90% (Figure 6A). This shows that RecBCD binds to the reference DNA with affinity that is
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too high to be measured under this condition, with a lower limit of K>2×109M-1. A
sedimentation velocity experiment (Figure 6B) showed that RecBCD exist as a stable
heterotrimer in the solution conditions used for our binding studies, with a sedimentation
coefficient of 11.4 S (s20,w=13.7 S) and an estimated molecular weight of 323 kDa, consistent
with the calculated molecular weight of 330 kDa. The Cy3 fluorescence enhancement reaches a
plateau at [RecBCD]/[DNA]=2, indicating a stoichiometry of two RecBCD trimers per DNA,
consistent with one RecBCD binding per DNA end at saturation, as expected. These results also
show that our RecBCD sample is 100% active for DNA binding.
In order to measure an equilibrium constant, Kr,obs for RecBCD binding to the reference
DNA, we performed titrations of DNA with RecBCD at a higher [NaCl] of 200mM NaCl in the
absence of Mg2+ (Buffer M200-0, 25°C), conditions which are known to reduce the equilibrium
binding constant1. Titrations with RecBCD were performed at two reference DNA
concentrations (10nM and 20nM). The resulting titration curves were fit globally by non-linear
least squares (NLLS) analysis using a model that assumes RecBCD binds two independent and
identical sites on the DNA (Material and Methods). The titration curves were well-described by
this model (Figure 6C) yielding Kr,obs=7.2(±0.3)×107 M-1 for RecBCD binding to each end of the
reference DNA. This is consistent with our expectation that the two RecBCD trimers binds to
each end of the reference DNA independently and with no detectable difference in binding
affinity. The value of Kr,obs that we measure agrees within error with the value of Kr,obs=
7.5(±0.4)×107 M-1, reported previously1 for RecBCD binding to the same reference DNA under
the same conditions.
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RecBCD binding to blunt DNA ends and DNA ends possessing single-stranded 3’ or 5’ dTn
tails of varying lengths.
Previous studies by Wong et al.1 examined RecBCD binding to a series of DNA ends
possessing either a 3’-dTn or a 5’-dTn tails in Buffer M200-0 at 25°C. These experiments were
performed in the absence of Mg2+to ensure that there would be no nuclease activity to degrade
the DNA. We now know that as long as the dTn tails are ≤ 15 nucleotides, the nuclease does not
act on these ends. Hence we have examined the effect of Mg2+ on the RecBCD binding to these
DNA ends.
Competition titrations with the fluorescent reference DNA depicted in Table 2 were used
to measure the affinity of RecBCD to the unlabeled DNA substrates depicted in Figure 7D and
7E (Table 2). These DNA substrates also are 60 bp long duplex with the same DNA sequence as
the reference DNA. Both DNA ends of the unlabeled DNA possess a dTn tail on either the 3’ or
5’ end. For these experiments, two titrations with RecBCD were performed, one with the
reference DNA alone and a second with a mixture of the reference DNA and an unlabeled DNA,
while monitoring the Cy3 fluorescence of the reference DNA. The resulting titration curves were
globally fit to a competitive binding model using NLLS analysis (Material and Methods,
Equation 5). The analysis simultaneously yields the equilibrium constants for RecBCD binding
to the reference DNA end (Kr,obs) and the unlabeled DNA end (KBCD,obs). Figure 7 A, B and C
show three examples of such competitive titration curves from experiments using the same
reference DNA and three different unlabeled DNA substrates possessing 3’dT2, 3’dT4 and 3’dT6
tails, respectively, in Buffer M275-0 (275mM NaCl and no Mg2+ at 25.0°C). The competitive
binding model provided a good fit to all of these titrations, yielding values of Kr,obs that are the
same within error (3.2(±0.2)×107 M-1). The binding constants, KBCD,obs for RecBCD binding to
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the DNA ends of each unlabeled DNA were 4.9(±0.3)×107 M-1 for 3’-dT2, 7.2(±0.8)×107 M-1 for
3’-dT4 and 1.3(±0.1)×108 M-1 for 3’-dT6.
Figure 7D (blue squares) shows a plot of KBCD,obs for RecBCD binding to a series of
DNA molecules possessing different 3’dTn tails lengths from n=0 to n=15 in Buffer M275-0 at
25.0°C. KBCD,obs increases by over four-fold from 3.1(±0.2)×107 M-1 to 1.3 (±0.1)×108 M-1 as n
increases from 0 to 6, but then decreases for n=15. Figure 7E (blue squares) shows a plot of
KBCD,obs for RecBCD binding to a series of DNA molecules possessing different 5’(dT)n tail
lengths from n=0 to n=15 also in Buffer M275-0 at 25.0°C. As n increases from 0 to 10, KBCD,obs
increases over 16-fold (from 3.1(±0.2)×107 M-1 to 5.1(±0.3)×108 M-1)). However, KBCD,obs,
reaches a plateau value for 5’dT10 and remains the same for longer 5’(dT)n tails. These same
trends were reported previously by Wong et al1.for RecBCD binding to these same DNA ends
but in Buffer M200-0 at 25°C (Figure 2D). Since RecBΔNucCD binds many of these substrates
with affinities too high to be measured accurately at 200mM NaCl (Chapter 3), we performed
these experiments at higher [NaCl] (275mM) so that both KBCD,obs and KBΔNucCD,obs can be
compared directly under the same solution conditions.
We next performed the same series of experiments, but with the addition of 10 mM
MgCl2 (Buffer M275-10) at 25.0°C (red squares in Figure 7D and 7E). Under these conditions,
we observe the same binding preferences but KBCD,obs is consistently reduced (by 2-3 fold) for all
3’(dT)n and 5’(dT)n substrates. We also examined binding of RecBD1080ACD under the same
conditions (Buffer M275-10) to DNA possessing blunt, 3’dT6, 3’dT10 and 5’dT15 ends. Those
experiments showed the same values of Kobs, within error, for RecBD1080ACD and wildtype
RecBCD. This indicates that the binding experiments performed in the presence of MgCl2 are
unaffected by any potential nuclease activity from wtRecBCD.
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The effects of Mg2+ are NaCl concentration dependent and not limited to facilitating DNA
melting
Wong et al.1,19,20 previously interpreted the increase in affinity for DNA ends possessing
increasing lengths of (dT)n tails as being at least in part due to the resemblance of these DNA
ends to partially pre-melted DNA. Early biochemistry studies demonstrated that the affinity of
RecBCD to DNA ends (blunt end or with 5’ overhang up to 4nt) are significantly enhanced in
the presence of Mg2+ 28. Later studies, using KMnO4 footprinting assays, showed that RecBCD
and RecBC can melt 4-6 bp upon binding to blunt-ended DNA in the presence of Mg2+ 2,8,20.
Thus, we were surprised to find that the values of Kobs were lower in the presence of 10 mM
MgCl2. The experiments of Farah and Smith8 showing Mg2+-dependent DNA melting by
RecBCD were performed in a similar buffer to that used here (20mM MOPS, pH7.0, 2-10mM
Mg(OAc)2), but with no additional monovalent salt added. Hence we considered the possibility
that the effect of Mg2+ on RecBCD binding is [NaCl] dependent. To test this, we studied
RecBCD binding to blunt ended DNA for a range of [NaCl] and [MgCl2].
To examine RecBCD binding to DNA ends in more detail, we performed ITC
experiments in which DNA is titrated into RecBCD. We examined RecBCD binding to bluntended dsDNA under various [MgCl2] and [NaCl] conditions. The DNA substrate used is 60 bp in
length with the same duplex sequence as the reference DNA. The fluorescence experiments
discussed above only yield the equilibrium binding constant, Kobs, which is related to the
standard state free energy of binding, ∆G˚ = -RTlnKobs. However, ITC experiments yield
information on the binding enthalpy (∆H), and under some conditions such as the ones shown in
Figure 8A, also the ∆G0 (Kobs), and by difference the entropic contribution to binding (T∆S0=∆H
- ∆G˚).
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In 275mM NaCl, no Mg2+, 25.0°C (Buffer M275-0) (Figure 8A), RecBCD binds to a
blunt dsDNA end with Kobs=1.1(±0.2)×107 M-1 (∆G˚= - 9.6±0.2kcal/mol), but with an
unfavorable ΔH=4.3±0.1 kcal/mol, hence the binding is entirely entropically driven (T∆S0 =
13.9±0.1 kcal/mol). Furthermore, we found that the addition of 10mM Mg2+ resulted in a slight
decrease in Kobs (7.0±0.8 x 106 M-1) for RecBCD binding to the same blunt DNA end (Figure
8A), consistent with the results from our fluorescence experiments. The ΔH (3.9±0.1 kcal/mol)
and T∆S0 (13.2±0.1 kcal/mol) contributions to binding also differ only slightly in the presence of
10 mM Mg2+.
At 50mM NaCl, no Mg2+ (Buffer M50-0) 25.0°C, RecBCD binds to blunt DNA ends
with KBCD=3.6(±0.3)×107M-1, a slight increase compared to that in Buffer M275-0 (Figure 8A),
however, both ∆H and T∆S0 increase dramatically to 15.5±0.1 kcal/mol and 25.7±0.1 kcal/mol,
respectively (Figure 8B and Figure 9). Hence binding at the lower [NaCl] of 50 mM is much
more enthalpically unfavorable but nearly compensated by a much more favorable entropy
change. Furthermore, upon addition of 10mM Mg2+, the affinity of RecBCD for the blunt DNA
end increases substantially, becoming stoichiometric so that we can only assess a lower limit of
Kobs >109M-1, indicating that KBCD increases at least by a factor of 100. However, the enthalpic
component to binding shows only a slight change to ∆H = 14.4±0.1 kcal/mol, hence the major
difference is a substantial increase in the favorable entropy change for RecBCD binding in the
presence of Mg2+. These results indicate that indeed the effect of Mg2+ on RecBCD binding to a
blunt DNA end is enhanced at lower [NaCl] and the favorable effect of Mg2+ is due to a larger
more favorable entropy change.
The fact that the addition of Mg2+ results in an increase in KBCD for binding to a blunt
DNA end at 50mM NaCl, i.e., Mg2+ and RecBCD binding are positively linked, indicates that an
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uptake of Mg2+ accompanies RecBCD-DNA binding. In order to estimate the net number of
Mg2+ ions taken up by RecBCD upon binding to a blunt DNA end, we performed ITC RecBCDDNA binding experiments as a function of MgCl2 concentration at 50mM NaCl. A plot of
logKBCD vs. log[MgCl2] in Figure 9A shows that increasing [Mg2+] results in an increase in
KBCD. The slope, dlogKobs/dlog[MgCl2] = 1.0±0.1 indicating a net uptake of one Mg2+ ion
accompanies RecBCD binding to a blunt dsDNA end. Although we can only conclude that there
is a net uptake of one Mg2+ ion, i.e., there could be more than one (n) Mg2+ taken up, but
compensated by a release of (n-1) Mg2+, this result raises the possibility that a single Mg2+
binding site on RecBCD is responsible for the enhancement in binding affinity. Figure 9B shows
the ΔH and TΔS0 of the experiments in Figure 9A, further demonstrating that the enhancement of
KBCD to a blunt DNA end at 50mM NaCl as [MgCl2] increases is due to an increased favorable
TΔS0 contribution while ΔH is rather insensitive to [MgCl2].
RecBNuc contains a motif, Ile-Asp-Xaa12-13-Asp-Tyr-Lys25, that is similar to part of the
active sites in other known nucleases42,43. Particularly, Asp1080 within this motif is wellconserved and has been proposed to chelate Mg2+ in order for the nuclease active site to
function42. The nuclease activity of RecBNuc has also been shown to require25 Mg2+. Mutating
RecB Asp1080 to alanine abolishes its nuclease activity25. While there has been no direct
experiment addressing this question, it is possible that RecBD1080A loses its nuclease activity
because it is unable to chelate Mg2+. This raises the question of whether the nuclease active site
on the RecBNuc is responsible for the observed Mg2+ effect on RecBCD-DNA binding. Hence we
examined binding of the RecBD1080ACD mutant to blunt DNA ends at two Mg2+ concentrations.
Figure 8A shows that Mg2+ has the identical effect on RecBD1080ACD binding to blunt DNA end.
Figure 8B confirms that the ΔH and TΔS0 for RecBCD and RecBD1080ACD binding to a blunt
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DNA end at 0.1 mM MgCl2 or 5mM MgCl2 are the same (These are not shown in Figure 9B).
This suggests that there must be another Mg2+ binding site that is responsible for the Mg2+ effects
on RecBCD-DNA binding. Yet, we show later (Chapter 3) that the nuclease domain is required
for this Mg2+ effect on binding.
It is unclear whether the effect of Mg2+ at low [NaCl] is only to facilitate DNA
melting8,28. If that is the case, the Mg2+ effect might not be observed in the absence of DNA
melting. To test this, we examined RecBCD binding to twin-tailed dTndTn DNA substrates with
n large enough to represent fully pre-melted DNA ends so that additional DNA melting is not
expected to occur. For this experiment we use a twin-tailed T35T35 DNA since it is the only premelted DNA substrate for which we can measure RecBCD affinity at 50mM NaCl. This is
presumably because of the large entropic penalty resulting from loop formation in the 3’dT35 tail
as previously suggested1,19. Upon performing an ITC experiment with RecBCD and the dTndTn
DNA for n≥20, the titration showed anomalous behavior with an apparent binding stoichiometry
([RecBCD]/[DNA]) greater than 2 and injections also resulted in broad peaks. This suggested
that the nuclease activity of RecBCD was degrading the DNA with long ssDNA tails of n≥20.
We therefore used the RecBD1080ACD mutant that shows no nuclease activity. RecBD1080ACD and
RecBCD bind to dTndTn with no detectable differences in ΔH for n≤15 (Figure 11). Hence we
examined the effects on Mg2+ on binding of RecBD1080ACD to the dT35dT35 DNA in Buffer M500 and Buffer M50-10 at 30°C. The higher temperature was needed to bring the binding constant
into a measurable range.
As shown in Figure 10, the addition of Mg2+ still results in an increase in Kobs for
RecBD1080ACD binding to a DNA end with twin T35T35 tails by at least five-fold. Furthermore,
the effect is entirely entropic since the large favorable binding enthalpy (∆H = -75.5 kcal/mol) is
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unchanged. This suggests that the Mg2+ dependent enhancement in Kobs for RecBCD binding to
DNA also occurs in the absence of DNA melting. Our results show that RecBCD binding to a
fully pre-melted DNA end (resembling the product of DNA melting) more favorable in the
presence of Mg2+. This could explain how Mg2+ is facilitates DNA melting by RecBCD.
In a previous study, Wong and Lohman38 used ITC to examine the heat capacity change,
∆CP, for RecBC binding to a twin-tailed dT6dT6 DNA over a temperature range from 5-25°C in
the absence and presence of Mg2+. Those experiments show the same large heat capacity change,
ΔCp = ~ -1.6 kcal mol-1K-1 , for RecBC binding to the twin-tailed dT6dT6 DNA in the presence
and absence of Mg2+. However, RecBC binding to a blunt-ended DNA in the absence of Mg2+
shows a less negative ΔCp = -0.5±0.2 kcal mol-1 K-1 but a slightly more negative value, ΔCp = 1.2±0.2 kcal mol-1 K-1, in the presence of Mg2+. These results indicate a specific effect of Mg2+
on RecBC binding to a blunt DNA end. They also suggest that Mg2+-dependent DNA melting by
RecBC may occur at dsDNA blunt ends but not at a dT6dT6 DNA end. We performed similar
experiments comparing RecBCD binding to a blunt DNA end vs. a pre-melted 3’-dT6/5’-dT10
DNA end at two temperatures (10˚C and 25°C) in 275mM NaCl (Buffer M275) (Figure 11). The
most striking effect is that RecBCD binding to the pre-melted DNA end is much more
enthalpically favorable than for binding to a blunt DNA end. However, we observed only a small
increase in ΔH for RecBCD binding to blunt DNA ends at 10°C when Mg2+ is present (Figure
11A) resulting in barely any effect on ΔCp (Figure 11B). There is no difference in ΔH and ΔCp
for RecBCD binding to dT6dT10 DNA ends in the presence or absence of Mg2+ (Figure 11A and
B). RecBCD binding to a dsDNA blunt end showed a positive ΔCp in contrast to the negative
value observed for RecBC. ΔCp for RecBCD binding to dT6dT10 was only slightly negative and
very close to zero. Although preliminary these results suggest that the presence of RecD plays a
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significant role in regulating the effects of Mg2+on RecBCD interactions with DNA. Lastly, it is
worth pointing out that these experiments were performed prior to our discovery that the effect
of Mg2+ on RecBCD binding is [NaCl]-dependent and how RecBCD binding to twin-tailed DNA
ends differ from single-tailed ends (detailed in later sections). It would be very interesting to
revisit these experiments at lower [NaCl] where a strong effect of Mg2+ on KBCD is observed.
Na+ influences RecBCD binding to blunt ended DNA via a mechanism different from Mg 2+
It is possible that the lack of an Mg2+-dependent increase in KBCD,obs for blunt DNA end
binding at 275mM NaCl is due to Na+ reducing the affinity of Mg2+ for specific binding to
RecBCD. It is also important to note that the ΔH for RecBCD binding to a blunt dsDNA end
shows a strong [NaCl] dependence. As the [NaCl] decreases from 275mM to 50mM (compare
Figure 8A to B), ΔH becomes more unfavorable by over 10 kcal/mol both in the presence and
absence of Mg2+.
To further investigate the effect of Na+ on RecBCD binding to blunt ended DNA, we
performed ITC experiments as a function of [NaCl] in the absence of Mg2+. As the [NaCl]
increases from 30-100 mM (Figure 12A), KBCD,obs increases by ~7 fold. The slope,
dlogKobs/dlog[NaCl]=1.6±0.2 in this range indicating that RecBCD binding to a blunt DNA end
is accompanied by a net uptake of one to two Na+/Cl- ions (Figure 12A). This suggests that the
effect of [NaCl] in this range is due to ion binding to the RecBCD. In the absence of Na+ uptake
by RecBCD one expects KBCD,obs to decrease with increasing [NaCl] due to the expected release
of Na+ from the DNA upon RecBCD binding44–46. In fact, as the NaCl concentration increases
above 100mM, an increase in [NaCl] does result in a decrease in KBCD. In this range (above
100mM NaCl), the slope, dlogKBCD/dlog[NaCl] = -2.4±0.4, indicating a net release of two to
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three Na+ and/or Cl-. This decrease in KBCD with increasing [NaCl] is the expected behavior if
the [NaCl] effect is due to a net release of Na+ from the DNA upon RecBCD binding. If this Na+
release from the DNA also occurs in the lower range of [NaCl], this would suggest that RecBCD
actually binds ~4 Na+/Cl- in the lower [NaCl] range upon binding to a blunt DNA end.
At 30mM NaCl, Figure 12B shows that RecBCD binding to blunt-ended DNA is
associated with a large unfavorable ΔH (15.6±0.2 kcal/mol), hence binding is entirely driven by
favorable entropy changes (T∆S0=25.5±0.2 kcal/mol). As the [NaCl] increases, the ΔH becomes
less unfavorable, eventually reaching a value near zero at 200mM NaCl (Figure 12B). However,
TΔS0 also becomes more unfavorable with increasing [NaCl]. Therefore, for RecBCD binding to
a blunt dsDNA end, the increase in affinity with increasing [NaCl] at low [NaCl] (30-100mM
NaCl) is driven by a decrease in the unfavorable ΔH with increasing [NaCl]. A [NaCl] dependent
decrease in ΔH is also observed in the presence of 10mM Mg2+ (Figure 8). However, because
KBCD is too high to be accurately measured in 50mM NaCl and 10mM MgCl2 (Buffer M50-10
Figure 8B) (with a lower limit of 2×109 M-1), we cannot determine if KBCD shows the same
[NaCl] dependence in the presence and absence of Mg2+ at low [NaCl] (30-100mM). Our data
suggest that Na+ affects RecBCD-DNA interactions through specific ion-protein interactions via
a mechanism distinct from that of Mg2+. This is because, at low [NaCl], Mg2+ increases KBCD by
increasing the favorable TΔS0 while Na+ increases KBCD by decreasing the unfavorable ΔH.
ITC studies of RecBCD binding to DNA ends possessing a single dT tail.
Following up on our fluorescence titrations, we also performed ITC experiments to
obtain a more detailed thermodynamic profile (ΔG0, ΔH and TΔS0) for RecBCD binding to DNA
ends possessing a single 3’-dTn or 5’-dTn tail in 275mM NaCl and 10mM MgCl2 (Buffer M275-
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10, 25°C). As shown in Figure 13A and 13B, the enthalpy and entropy changes for RecBCD
binding to DNA ends are also dependent on dT tail length. RecBCD binding to a blunt dsDNA
end is accompanied by a favorable TΔS0, but unfavorable ΔH (Figure 8A and 9A). As either the
3’-dTn or 5’-dTn tail lengths increase, ΔH switches sign and becomes increasingly more
favorable, while TΔS0 becomes more unfavorable.
For RecBCD binding to 3’-dTn (Figure 13A), ΔH reaches a plateau at 3’-dT10. However,
ΔG0BCD reaches a minimum at 3’-dT6, indicating the highest affinity for an end is for 3’-dT6
(Figure 7D and Figure 13C). The higher ∆G˚ (lower binding constant) for 3’-dT10 compared to
3’dT6 is a result of a more negative (less favorable) TΔS0 contribution. However, the further
changes in ΔH and TΔS0 for lengths longer than 3’-dT6 indicate additional enthalpically
favorable interactions between RecBCD and the 3’ ssDNA tail beyond 3’-dT6. Beyond 3’-dT10,
TΔS0 continues to decrease for 3’-dT15 (becoming more negative than 3’-dT10 by 0.5 (±0.1)
kcal/mol) but to a much smaller degree than for n<10. This smaller change in TΔS0, without a
compensating effect from ΔH, results in the decrease in KBCD, resulting in the trend in Figure
13C and 7D. This is the same trend noted previously by Wong et. al. 1 for RecBCD, but in the
absence of Mg2+. This biphasic change in TΔS0 for n≤10 vs n>10 indicates that there are multiple
contributions to TΔS˚ for RecBCD binding to 3’-dTn.
For RecBCD binding to DNA ends possessing 5’-dTn tails (Figure 13B), ΔH reaches a
plateau at 5’-dT15 whereas ΔG0 reaches a plateau at 5’-dT10 (Figure 13C). These results indicate
that RecBCD makes additional contacts with 5’-dTn tails longer than 10 but shorter than 15.
However, there is a clear enthalpy/entropy compensation that results in a constant ∆G˚ for n≥10.
For binding to 5’-dTn longer than 15, both ΔH and TΔS0 plateau.
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The energetic contributions of the 3’ and 5’ ssDNA tails to RecBCD binding are not
independent
Evidence from previous RecBCD ssDNA translocation studies showed that the ssDNA
translocation rates along each strand are coupled, but asymmetrically. That is, the RecB motor
regulates both 3’ to 5’ and 5’ to 3’ translocation, but the RecD motor regulates only 5’ to 3’
translocation17,41. Our experiments so far have examined ΔH and TΔS0 for RecBCD binding to
DNA ends possessing only one tail (3’-dTn or 5’-dTn). We next examined RecBCD binding to
DNA ends with both 3’-dTn and 5’-dTn tails to determine whether the interactions with the two
tails are independent. To investigate this, we examined RecBD1080ACD binding to twin dTndTn
DNA ends using ITC at 275mM NaCl, 10mM MgCl2 (Buffer M275-10) and 25°C. For these
experiments the RecBD1080ACD mutant was used to eliminate the nuclease activity in the
presence of Mg2+. RecBCD and RecBD1080ACD show the same binding parameters to dTndTn
substrates with n≤15 (Figure 14 blue line), while a discrepancy is observed for n≥20 (data not
shown), which is likely due to the nuclease activity. Figure 14 shows a plot of ΔH vs tail lengths
of the dTndTn substrates. The ∆H is positive for binding to a blunt end (+4.6 ± 0.2 kcal/mol), but
decreases nearly linearly with increasing tail length reaching a plateau value of ∆H = -75.6 ±0.2
kcal/mol. Extrapolating the linear region of the plot shows an intersection with the plateau value
at n=17-18 nucleotides. This indicates that RecBCD interacts with at least 17-18 nucleotides of a
pre-melted twin tailed DNA end. Note that for DNA ends with only a single tail, a plateau in ∆H
is reached at n=10 for the 3’-tail and n=15 for the 5’tail. Furthermore, the plateau values of ∆H
for RecBCD binding to DNA ends with only a 3’- or 5-dTn tail have much smaller values of ~-25
and ~-23 kcal/mol, respectively, compared to the much larger ~-75 kcal/mol for the twin-tailed
DNA ends. These differences indicate that binding to 3’ and 5’ tails are not independent.
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Interaction with DNA tails longer than dT15 requires the presence of both the 3’ and 5’ ssDNA
tails.

Discussion
RecBCD binding to dsDNA blunt ends is entropically driven and accompanied by an
uptake of Mg2+ and/ Na+ at low [NaCl].
Our studies show that the effects of Mg2+ on RecBCD binding to DNA ends are complex
and the thermodynamics of binding vary dramatically with [NaCl] and [Mg2+]. Previous studies
have shown that Mg2+ facilitates DNA melting by RecBCD as well as RecBC8,20. Furthermore,
both biochemical and structural studies suggest that RecBCD binding to a blunt DNA end results
in the melting of up to 6 base pairs in an Mg2+-dependent reaction. Consistent with those
observations, we find that RecBCD and Mg2+ binding are positively linked. The presence of 10
mM Mg2+ increases the equilibrium association constant for RecBCD binding to a blunt dsDNA
end by more than 100-fold at 50mM NaCl, 25˚C (Buffer M50) and RecBCD binding to a blunt
DNA end is accompanied by an uptake of one Mg2+ per RecBCD-DNA complex. Cations, such
as Na+ and Mg2+ bind to DNA due to its polyelectrolyte nature and thus will generally compete
with proteins for DNA binding. As a result of this non-specific effect, an increase in Na+ or Mg2+
concentration will generally result in a decrease in protein-DNA affinity44–46. Thus, the increase
in RecBCD binding to a blunt dsDNA end with increasing [Mg2+] indicates specific binding of
Mg2+ to RecBCD in addition to the non-specific effect of Mg2+ binding to DNA. Interestingly,
we also observed that at 50 mM NaCl, Mg2+ increases by at least 10-fold the binding affinity of
RecBCD to a DNA end possessing long ssDNA tails on both 3’ and 5’ ends, such as the T35T35
substrate. This indicates that Mg2+ also increases the affinity of RecBCD for a pre-melted DNA
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end, which is one potential mechanism for how Mg2+ facilitates DNA melting. However, the
ability of Mg2+ to enhance RecBCD binding to DNA ends is [NaCl] dependent. At 275 mM
[NaCl], Mg2+ decreases the binding affinity of RecBCD to all of the DNA ends examined. This
indicates that the effects of any specific RecBCD-Mg2+ interactions are diminished at higher
[NaCl]. Instead, the general competitive effect of Mg2+ binding to the DNA dominates.
In the absence of Mg2+, changes in [NaCl] also show complex behavior. At low [NaCl]
(< 100 mM) increasing [NaCl] increases RecBCD binding affinity for a blunt end and binding is
accompanied by a net binding of at least 2 Na+/Cl- ions. However, at [NaCl] > 100 mM,
RecBCD binding affinity decreases with increasing [NaCl] and binding is accompanied by a net
release of at least 3 Na+/Cl- ions. This biphasic behavior is similar to the biphasic behavior of
[Mg2+] and may reflect that cation binding to RecBCD accompanies melting of a blunt DNA end
by RecBCD. In fact, both in the presence and absence of Mg2+ at low [NaCl], RecBCD binding
to a blunt DNA end is entropically driven and enthalpically unfavorable. However, at low
[NaCl], Mg2+ increases RecBCD binding affinity by increasing the favorable entropy (TΔS0 )
contribution to ∆G˚, while Na+ increases RecBCD binding affinity by decreasing the unfavorable
enthalpic (ΔH) contribution.
We have shown that under a range of solution conditions (0<[MgCl2]<10mM and
50<[NaCl]<275mM at 25°C), RecBCD binding to a blunt dsDNA end is entropically driven and
enthalpically unfavorable. Disruption of duplex DNA base pairs (DNA melting) is associated
with a substantial enthalpic penalty (∆H >>0)21–23, which is one source that will contribute to the
positive ∆H for RecBCD binding and melting of a blunt DNA end. However, it is not clear what
the potential sources for the large favorable entropy changes associated with the binding of
RecBCD to a blunt dsDNA end. Any binding event will result in the loss of translational and
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rotational entropy due to the association of two molecules. However, since DNA is a polyanion,
considerable amounts of Na+/Mg2+ are bound to the DNA and some of these cations will be
released upon RecBCD binding, which will contribute to a favorable entropy change44–46. The
melted DNA bases could also have more degrees of freedom than when they are part of a duplex.
There is also the potential for release of water upon complex formation45. A further unknown is
the state of the RecB nuclease domain that is covalently attached to the RecB motor domain by a
long amino acid tether. There is evidence that the nuclease domain is dynamic and can move
from its position in the crystal structure47,48. If the nuclease domain were to undock upon DNA
binding, this would also contribute to a positive entropy change. The sources of the positive
entropy change could be many for such a complicated binding reaction and further studies will
be needed to identify the origins of the large favorable binding entropy.
In stark contrast to RecBCD, Wong and Lohman20 found that RecBC binding to a blunt
dsDNA end at 100 mM NaCl, 10 mM MgCl2, 25°C, is enthalpically driven (-17± 4 kcal/mol)
and entropically unfavorable (-7 ± 4 kcal/mol)20. While these conditions differ somewhat from
those used in our RecBCD studies, the conditions are very similar, differing only in the [NaCl]
(100 mM for RecBC vs. 50 mM and 275 mM for RecBCD). However, we find that ∆H is
unfavorable (Figure 8) for RecBCD binding in the presence of 10 mM MgCl2, 25˚C at both 50
mM NaCl and 275 mM NaCl. Hence, we expect that RecBCD binding to a blunt dsDNA end at
100 mM NaCl, 10 mM MgCl2, 25°C will also have ΔH>0 and TΔS0 <0 opposite in sign to those
found for RecBC. In fact at 100 mM NaCl in the absence of Mg2+ RecBCD-blunt DNA end
binding is associated with a positive ΔH = 7.6 ± 0.1 kcal/mol and TΔS0 = 18.7±0.1 kcal/mol.
Given that the presence of Mg2+ increases the affinity of RecBCD to DNA but does not affect the
ΔH, we expect RecBCD binding to a blunt DNA end at 100 mM NaCl, 10 mM Mg2+ to also be
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associated with a TΔS0 greater than 18 kcal/mol but the same ΔH of ~ 8 kcal/mol. The stark
differences in the thermodynamics for RecBC and RecBCD binding to a blunt DNA end indicate
that the presence of RecD results in a substantial increase in both ΔH and TΔS0 for DNA
binding. Wong et al. 1, 20 showed that RecBC is able to melt ~6 bp upon binding a blunt DNA
end. One interesting possibility is that the large unfavorable ΔH associated with RecBCD-blunt
DNA end binding might be an indication that more DNA base pairs are melted upon RecBCD
binding than for RecBC. If so, the presence of RecD must be responsible.
Binding studies indicate that RecBCD can melt more than 6 bp upon binding to a blunt
DNA end
Farah and Smith8 first reported that ~4-5 bp are melted upon RecBCD binding to a blunt
DNA end in a Mg2+-dependent reaction. This was later supported by the first crystal structure of
RecBCD bound to a DNA end in the presence of Ca2+, showing that 4 bp of a blunt DNA end
were melted in the complex2. Wong and Lohman1,20 later concluded from quantitative DNA
binding studies similar to those used in this study as well as footprinting studies that RecBC is
also able to melt out a DNA blunt end and suggested that this melting involved 6 bp. Hence it
has been generally viewed that RecBCD melts out 6 bp upon binding to a blunt DNA end in a
reaction that requires a divalent cation. The fact that we have shown here that RecBCD binding
to a blunt DNA end is accompanied by the uptake of one Mg2+ further supports this view.
However, the 6 bp estimate based on the above studies may only represent a minimum value for
the amount of DNA melting that can occur upon RecBCD binding to a blunt DNA end. In fact,
the thermodynamic studies reported here suggest that RecBCD can melt a minimum of 10-11 bp,
and possibly up to 17-18 bp.
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As shown previously8, DNA melting by RecBCD is facilitated by the presence of Mg2+.
DNA bp melting is associated with a positive ΔH21–23, and our experiments show that RecBCD
binding to a blunt DNA end is also associated with a positive ∆H and surprisingly the presence of
Mg2+ does not alter the binding ΔH. At both 50 mM NaCl and 275 mM NaCl, RecBCD binding to
a blunt DNA end is entropically driven. Assuming DNA base pair melting does not occur in the
absence of Mg2+, then the lack of a change in ΔH upon addition of Mg2+ indicates that the
unfavorable ΔH associated with DNA melting must be offset by a favorable contribution to ΔH.
Clearly, the interactions within a RecBCD complex formed with an unmelted DNA duplex must
differ from those formed with a melted DNA end. Hence upon DNA melting, RecBCD must form
many more additional interactions with the unpaired DNA bases and these will result in favorable
enthalpic contributions to binding. For RecBCD binding to a pre-melted twin-tailed dTndTn DNA
end with n≥25, we expect no additional DNA melting to occur. In fact, RecBCD binding to the
dTndTn DNA ends with n≥25 at 275 mM NaCl (25˚C) is accompanied by an extremely large and
favorable ∆H = -76± 2 kcal/mol compared to blunt DNA end binding that has ∆H = +4.6±0.2
kcal/mol. Hence the ∆H of -76± 2 kcal/mol should represent the favorable ∆H that compensates
the unfavorable ∆H of DNA melting.
Wong and Lohman20 previously measured the ΔH for RecBC binding to a series of DNA
ends with increasing lengths of twin (3’ and 5’) flanking dT tails (100 mM NaCl, 10 mM MgCl2,
pH 7, 25.0˚C). They observed a linear dependence of ∆H on twin tail length from ∆H = -17±4
kcal/mol for a blunt end to -64±3 kcal/mol for twin tail lengths of dT6dT6, followed by a plateau
at ∆H = -64±3 for n≥ 6, up to n=20. The difference in ∆H for blunt ended DNA vs. the ∆H in the
plateau region was ∆∆H=47 (±7) kcal/mol for RecBC. This difference was attributed to the cost
of melting 6 DNA base pairs when RecBC binds to a blunt DNA end at 25˚C. This amounts to an
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average of ∆H = +8±1 kcal/mol of bp melted, which is in the middle of the range of estimates of
the ∆H for bp melting from DNA melting studies21–23. This interpretation assumes that the final
complex is the same for RecBC binding to blunt end vs. a pre-melted dT6dT6 end. Upon
performing the same experiments with RecBCD and RecBD1080ACD at a slightly different [NaCl]
(275mM NaCl, 10mM MgCl2, pH 7, 25.0°C), we also find a linear dependence of ∆H on ssDNA
tail length, but a plateau is not reached until T25T25 (Figure 14). Furthermore, the values of ∆H
for the end points are quite different for RecBCD, with ∆H for blunt end binding being +4.6±0.2
kcal/mol and -76±2 kcal/mol for binding n≥25. Extrapolation of the linear region to the plateau
yields an intercept at n=17 nucleotides. The difference in ∆H for RecBCD binding to a blunt
dsDNA blunt end vs the twin-tailed substrates in the plateau region is ∆∆H= 81 (±2) kcal/mol.
Making the same assumptions as in the RecBC study that all of this difference can be attributed
to base pair melting, we would conclude that RecBCD can melt ~17 bp with an average ∆H=
+4.8±0.3 kcal/mol.
We can also perform this calculation by using the previous estimates of Hobs for base
pair melting from DNA melting studies. These estimates depend on bp composition, but range
from +4.3 to +9 kcal mol-1 bp-1 22, and +5.2 to +15 kcal mol-1 bp-1 21 and ~+7 kcal mol-1 bp-1
from the nearest neighbor model23. Wong and Lohman20 also estimated the average ∆H for bp
melting by RecBC to be +8±1 kcal/mol assuming that RecBC melts 6 bp from a blunt end. If we
assume an average ∆H=+8 kcal/mol, this predicts that RecBCD melts out 81/8±1 = 9-11 base
pairs upon binding to a blunt DNA end, with a potential range from 5-18 bp. These estimates
also suggest that RecBCD can melt more than the generally accepted 5-6 bp upon binding to a
blunt DNA end and that RecBCD can melt out more bp than RecBC.
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In fact, I will present Cryo-EM structures in Chapter 4 showing that RecBCD is able to
melt out at least 11 bp upon binding to a blunt DNA end in Buffer M50-4. Using 11bp as a
minimum amount of bp melting, and attributing all of the ∆∆H = 81 (±2) kcal/mol to bp melting
yields an average of ∆H = +7.3 kcal/mol/bp, which is very similar to the value of +7.8
kcal/mol/bp estimated from the RecBC studies20. The fact that RecBC binding to a blunt DNA
end has a favorable ∆H = -17±4 kcal/mol20 also suggests that RecBC does not melt out as many
bp at a blunt end as does RecBCD. It is also noteworthy that RecBC is not able to initiate DNA
unwinding well from a blunt-ended DNA substrate, but requires a pre-melted DNA end of at
least 6 bp11, whereas RecBCD can initiate DNA unwinding very efficiently from a blunt DNA
end (ref 9-11). This may reflect the ability of RecBCD to melt out more bp than RecBC upon
binding to a blunt DNA end.
Although the first RecBCD-DNA crystal structure2 showed that only 4 bp are melted out
upon RecBCD binding to a blunt DNA end, it is important to note the differences in the DNA
substrates and conditions between these studies The crystallographic study used a 19 bp duplex
DNA at 100 mM NaCl with Ca(AcO)2 2, while our Cryo-EM studies used a 60 bp duplex at 50
mM NaCl and 4 mM MgCl2). Saikrishnan et al.14 concluded that the observation that only 4 bp
were melted in the first crystal structure2 was due to a limitation imposed by the DNA duplex
length of 19 bp, since Saikrishnan et al.14 observed 6 bp melted using a longer 21 bp duplex.
However, it is possible that even this duplex length limited bp melting. Our use of a 60 bp duplex
may have removed this limitation.
Footprinting studies have shown that RecBCD can protect at least 20-22 base pairs of
DNA from DNase I digestion8,37. In fact, Farah and Smith8 showed using a blunt ended DNA
that the first nucleotide that is sensitive to DNase I digestion when bound by RecBCD is
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nucleotide 23 on the 5’ strand and nucleotide 19 on the 3’ strand. This is more than half a turn of
B form dsDNA helix further than the RecB arm can reach in the crystal structure by Singleton et
al.2 (Figure 15). Further, hydroxyl radical footprinting8 showed that nucleotides 10-12 on the 5’
strand are still well protected when bound to RecBCD and that even nucleotide 19 on the 5’
strand showed significant partial protection. However, these nucleotide all appears to be solvent
exposed in the crystal structure2 (Figure 15). These also support the view that RecBCD can melt
more than 4 bp from a blunt DNA end.
Role of RecD in RecBCD binding to DNA
The drastic difference between RecBC and RecBCD binding to DNA ends with different
ssDNA tail lengths emphasizes the important role of RecD. Our experiments comparing
RecBCD binding to twin-tailed DNA substrates vs. single-tailed 3’ dTn or 5’ dTn substrates show
that the energetic contributions of the 3’ and 5’ ssDNA flanking regions are not independent.
Engaging both 3’ and 5’ ssDNA tails enables RecBCD to make interactions with ssDNA tails up
to ~20 nucleotides (Figure 14A), much longer than for binding to DNA ends possessing only a
single 3’ or 5’ dT tail. This likely reflects differences in the contributions from the 3’ ssDNA tail
when RecBCD binds to a twin-tailed DNA end, since a recent Cryo-EM structure shows that 12
nt on the 5’-ended DNA strand is long enough to reach the end of RecD while density of 20 nt on
the 3’-ended strand can be observed in the cryo-EM map.16 A 17 nucleotide 3’ ssDNA tail is
long enough16, in principle, to reach beyond the Chi recognition site within RecC and reach
RecBNuc. In contrast, such interactions are not observed between RecBC and DNA ends
possessing long twin tails.
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Based on our results and previous studies on RecBC, it seems possible that binding of the
5’ ssDNA tail to RecD results in conformational changes in the RecC channel that enable a
longer 3’ ssDNA tail access to RecC (Figure 16A). Since RecD is absent in RecBC, the RecC
channel might be blocked (Figure 16B). This is reflected by the fact that ΔH for RecBC binding
to dTndTn reaches a plateau at n=6, much shorter than the n=17 for RecBCD. As mentioned
before, we proposed that the entropic contribution that drives KBC and KBCD to decrease upon
binding a DNA end with a 3’dTn tail with n≥6 reflects formation of a loop in the 3’ ssDNA19,49.
Our data suggest that the 3’ loop may still occur for RecBCD binding to dTndTn substrate, even
if n is large enough to allow access to the RecC channel. This is because RecBD1080ACD showed
weaker binding to T35T35 than T25T25 at 50mM NaCl which can be the result of unfavorable
entropy contribution from interacting 3’dT35. In addition, the extent of 3’ loop formation may not
be homogenous. RecBCD-DNA complexes may exist as an ensemble with different 3’ loop
sizes. Some complexes may have the 3’ssDNA tail completely extended allowing access to
RecC, as shown in a recent Cryo-EM structure16. As the DNA tail becomes longer, a larger
variety of complexes may form. The effect of increasing ssDNA tail length at a DNA end may
partially average out in such a heterogeneous population. This may explain why a sharper
transition for the plateau of ΔH is not observed in Figure 16, when n ≥ 15.
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*ΔHobs for RecBCD binding to 5’-dT6 in Buffer M275-10, 25C could not be detected by ITC.
However, binding can be observed using fluorescence competition titration experiments. KBCD
for 5’-dT6 from competition titration experiment is used here (from Table 3) instead. ΔG0 and
TΔS for 5’-dT6 are calculated accordingly.
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Figure 1. Cross section of a crystal structure of RecBCD binding to a blunt DNA end (19 bp
hairpin substrate) by Singleton et al.2, adapted from Dillingham and Kowalczykowski 20083.
The red circle highlights the position of RecBNuc being far away from the interactions with DNA.
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Figure 2. Previous equilibrium binding studies by Wong et al.19,49, on RecBC or RecBCD
binding to different DNA end structures. Equilibrium constants for RecBC binding to dsDNA
substrates (KBC) with (A)- 3’dTn overhangs, (B)- 5’dTn overhangs determined from fluorescence
competition titrations19,49. (C)- ΔHobs for RecBC binding to DNA ends possessing both 3’ and 5’
dTn overhangs using ITC experiments50. (D)-Equilibrium binding constants, KBCD, for RecBCD
binding to DNA ends with either 3’dTn overhangs (solid circles) or 5’dTn overhangs (open
circles) determined from fluorescence competition titrations49. Experiments in panels A-C were
performed in 20mM MOPS-KOH, pH7.0, 100 mM NaCl, 10 mM MgCl2, (Buffer M100-10)
25.0˚C. Experiments in panel D were performed in 20mM MOPS-KOH, pH7.0, 200 mM NaCl,
(Buffer M 200-0) 25.0˚C.
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Figure 3. Separation of RecBCD from RecBCD/(RecBCD)2 mixture. Elution profile (a total
of 120ml gradient, of 0.1M to 0.5M NH4Cl in Buffer C, 4ml per fraction) from Hitrap heparin
column of an example RecBCD purification (see Material and Methods). Data was exported
from ChromLab Software of Bio-Rad NGC chromatography system (A). The green line shows
absorbance at 280 nm. Three elution peaks are observed and labeled as RecBCD, (RecBCD)2
and RecB, eluting at buffer conductivities of 20-30mS/cm, 32-40mS/cm and 40-46mS/cm,
respectively. The Red line indicates conductivity, which increases as the gradient elution
progresses expectedly. Samples from the highlighted fractions (11-24) in (A) were run on 8%
denaturing SDS-PAGE (B) or on 5% native PAGE (C), both (B) and (C) are visualized using
coomassie staining.
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Figure 4. Effects of solution conditions on the populations of RecBCD and (RecBCD)2 in a
RecBCD/(RecBCD)2 mixture. (A)- c(s) distributions from sedimentation velocity experiments
monitoring absorbance at 280nm of two RecBCD/(RecBCD)2 mixtures (1µM each) before the
Hitrap Heparin purification step from two independent preps in Buffer C. Sedimentation
coefficients for RecBCD and (RecBCD)2 are 8.9S and 13.0S, respectively. (B)- One
RecBCD/(RecBCD)2 mixture (1µM) from A (red line) was dialyzed vs. Buffer C containing
different concentrations of NaCl or NH4Cl. c(s) distributions of these samples from
sedimentation velocity experiments monitoring absorbance at 280nm. The sedimentation
coefficients for RecBCD and (RecBCD)2 are, respectively, 8.9S and 13.0S for Buffer C; 8.5S
and 12.5S for Buffer C, 500mM NH4Cl; 7.7S and 11.4S for Buffer C, 500mM NaCl; and 6.8S
and 10.2S for Buffer C with 1M NH4Cl. (C)- c(s) distributions from sedimentation velocity
experiments of a RecBCD/(RecBCD)2 mixture (1µM) in Buffer C pH6.8 (blue), after dialysis
vs. Buffer C pH5.8 (red) or Buffer C pH7.8 (green). Sedimentation coefficients of 6.3S for
RecB/RecC subunits, 8.6S for RecBC, 9.2S for RecBCD and 13.0S for (RecBCD)2.
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Figure 5. RecBCD shows the same binding parameters as RecBD1080ACD to various DNA
substrates and displays no detectable nuclease activities on a dT6dT20 substrate. A-C show
examples of results of ITC experiments of RecBCD or RecBD1080ACD titrated with different
DNA substrates under different conditions all in the presence of Mg2+. (A)- 600nM
RecBD1080ACD or 520nM RecBCD was titrated with 5µM blunt-ended DNA in Buffer M50-5,
25°C. (B)- 760nM RecBD1080ACD or 460nM RecBCD was titrated with 5µM 3’-dT10 DNA in
Buffer M275-10, 25°C. (C)- 640nM RecBD1080ACD or 550nM RecBCD was titrated with 5µM
dT15dT15 DNA in Buffer M275-10, 25°C. Solid lines represent the best NLLS fit of the data
using equation (9). The best fit values of equilibrium binding constants (K) and enthalpy (ΔH)
are shown under each ITC example. K>109M-1 indicates that the binding constant is too high to
be accurately measured by ITC. (D)- assay testing the nuclease activity of RecBCD upon binding
to dT6dT20 DNA substrate with 2.5% agarose gel and visualized with ethidium bromide staining
(details in Material and Methods).
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Figure 6. Equilibrium fluorescence titration of RecBCD with Reference DNA. (A)- RecBCD
was titrated into two different concentrations of Reference DNA (5nM (red) and 10nM (blue)) in
two independent experiments under stoichiometric binding conditions (Buffer M30-10, 25°C).
The solid lines are extrapolations of linear regions of the binding isotherms. The dash line
indicates that the DNA substrate is saturated with RecBCD at [RecBCD]/[DNA] = 2. (B)- The
c(s) distribution from a sedimentation velocity experiment of RecBCD (1µM), monitored by
absorbance at 280nm, in Buffer M30-10, at 25°C shows a single peak with sedimentation
coefficient of 11.4S. (C)- RecBCD was titrated into two concentration of Reference DNA (10nM
(red) and 20nM (blue)) in Buffer M200-0, 25°C. The resulting two isotherms were globally fit to
equation (5) (Material and Methods), yielding Kr = 7.2(±0.3)×107 M-1.
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Figure 7. Effect of the length of 3’dTn or 5’dTn overhangs on KBCD to unlabeled DNA ends.
(A-C) - Results from example competition titration experiments (Material and Methods) of
RecBCD titrated with Reference DNA or to a mixture of Reference DNA and unlabeled DNA
substrates in Buffer M275-0, 25°C. A constant 5nM Reference DNA was used and the
concentration of the unlabeled DNA varied, (A) - 30nM 3’dT2, (B) - 30nM 3’dT4 and (C) 10nM 3’dT6. The resulting binding isotherms in (A-C) were fit globally by NLLS analysis using
equation (5) in Material and Methods. The best fit value of equilibrium binding constants (KBCD)
are plotted in (D and E) versus 3’ or 5’ dT tail lengths, respectively. (D) - KBCD of RecBCD
binding to 3’dTn substrates in Buffer M275-0 (solid blue) or M275-10 (solid red) 25°C. Empty
red squares indicate RecBD1080ACD binding to blunt ended, 3’-dT6 or 3’-dT10 substrates in Buffer
M275-10, 25°C. (E) - KBCD for 5’dTn in M275-0 (solid blue) or M275-10 (solid red), 25°C.
Empty red squares show RecBD1080ACD binding to 5’-dT15. Results in (D) and (E) are also
summarized in Table 3.
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Figure 8. The presence of MgCl2 at low [NaCl] enhances RecBCD binding to blunt-ended
DNA. Heat of each injections, normalized to the amount of DNA injected (∆𝑄𝑖,𝑛𝑜𝑟𝑚 , see
Material and Methods) is plotted versus [DNA]total/[RecBCD]total. All ITC experiments were
performed at 25°C, but under various [NaCl] and [MgCl2] conditions, (A) Buffer M275-0, (B)
Buffer M275-10, (C) Buffer M50-0, (D) Buffer M50-10. Analysis of (A) and (B) (Material and
Methods) yields best fit values of KBCD=1.1(±0.1)×107M-1, ΔHobs=4.3±0.1kcal/mol for panel A
and K=7.0(±0.3)×106M-1, ΔHobs=4.6±0.2kcal/mol for panel B. Analysis of the results from these
experiments yield K=3.6(±0.3)×107M-1 and ΔHobs=15.5±0.1kcal/mol for panel C, K for panel D
was too high to be accurately measured, with a lower limit of K>109M-1 and
ΔHobs=14.9±0.1kcal/mol for panel D.
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Figure 9. The presence of Mg2+ enhances RecBCD binding to blunt DNA ends via entropic
contributions at low [NaCl]. RecBCD (solid circle) or RecBD1080ACD (empty circle) was
titrated with the blunt ended DNA substrate in Buffer M50 at various [MgCl2] using ITC. The
logK from these experiments were plotted against log[MgCl2]total in (A). The solid line is a linear
least squares fit of the RecBCD data, with a slope of 1.0±0.1. RecBD1080ACD data can also be fit
linearly with a slope of 1 (data not shown). The TΔS0 (green) and ΔH (red) components from the
experiments in (A) were plotted in (B) with respect to log[MgCl2]. The solid symbols in (B)
indicates RecBCD data, and the empty symbols indicate RecBD1080ACD data. As [MgCl2]
increases, ΔH remains the same while TΔS0 increases and becomes more favorable.
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Figure 10. The presence of Mg2+ enhances RecBD1080ACD binding to DNA ends with 3’ and
5’ dT35 tails that resembles a fully ‘pre-melted’ DNA end at 50mM NaCl, 30°C.
RecBD1080ACD is titrated with dT35dT35 in Buffer M with 50mM NaCl, with or without 10mM
MgCl2. Heat of each injections, normalized to the amount of DNA injected (∆𝑄𝑖,𝑛𝑜𝑟𝑚 , see
Material and Methods) is plotted versus [DNA]total/[RecBD1080ACD]total. KBCD in the presence of
10mM MgCl2 was too high to be accurately measured, K>109M-1 represents the lower limit of
the equilibrium constant K for RecBD1080ACD binding to dT35dT35 in Buffer M50-10, 30°C.
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Figure 11. Effect of Mg2+ on RecBCD binding to blunt-ended DNA or dT6dT10 DNA at
different temperatures. ITC experiments were performed where RecBCD was titrated with
blunt-ended DNA substrate in Buffer M275-10 (solid triangle) or in Buffer M275-0 (empty
triangle) at 10 or 25°C. RecBCD was titrated with dT6dT10 DNA in Buffer M275-10 (solid
circle) or in Buffer M275-0 (empty circle) at 10 or 25°C. (A) - ΔH from these experiments
plotted with respect to temperatures. Red lines indicate linear fits. (B) - ΔCp values of RecBCD
binding to the corresponding DNA substrates in Buffer M275-0 or M275-10 obtained from the
slope of the linear fits in (A) represented as bar graphs.
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Figure 12. Effect of [NaCl] on RecBCD binding to a DNA blunt end. ITC experiments were
performed titrating RecBCD with the blunt-ended DNA substrate in Buffer M, at various [NaCl]
(30, 50, 100, 150, 200, 275mM) in the absence of Mg2+, at 25°C. The logK from these
experiments are plotted as a function of log [NaCl] in (A). Linear fit of logK at 30, 50, 100mM
NaCl shows a slope of 1.6±0.2 and linear fit of logK at 100, 150, 200 and 275mM NaCl shows a
slope of 2.4±0.4. The complete thermodynamic profiles (ΔG0, ΔH and TΔS0) of these
experiments are plotted as bar graphs as a function of [NaCl] in (B). Data presented in this figure
are also summarized in Table 4.
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Figure 13. Thermodynamic profiles of RecBCD binding to 3’(dT)n or 5’(dT)n show
enthalpy/entropy compensation and indicates RecBCD interactions with ssDNA beyond
3’(dT)6 and 5’-dT10. ITC experiments were performed where RecBCD is titrated with either 3’dTn or 5’-dTn in Buffer M275-10, at 25°C. Panels (A-D) - Example results of RecBCD titrated
with (A)- 3’(dT)6, (B)- 3’(dT)15, (C)- 5’(dT)10 and (D)- 5’(dT)15. More experiments were
performed where RecBCD was titrated to other 3’-dTn and 5’-dTn substrates. The resulting ΔG0
values for 3’-dTn (Red) or 5’-dTn (Blue) were plotted vs dT tail lengths in (E) and the ΔH and
TΔS0 components were plotted as red and green bars with respect to 3’dT tail length in (F) or
against 5’dT tail lengths in (G). These thermodynamic parameters are also summarized in Table
5.
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Figure 14. ΔHobs of RecBCD binding to twin-tailed (dT)n(dT)n DNA ends show further
interactions between RecBCD and ssDNA overhangs longer than 15 nucleotides. ΔHobs from
ITC experiments of RecBCD (blue) or RecBD1080ACD (red) binding to DNA ends with both 3’
and 5’ dTn overhangs (dTndTn substrates) in Buffer M275-10, 25°C. Dashed lines are either
extrapolation of ΔHobs for RecBD1080ACD binding to substrates with n≥25 or extrapolation of a
linear least squares fit of ΔHobs values for both RecBCD and RecBD1080ACD binding to
(dT)n(dT)n DNA ends with n≤15. The extrapolation intercepts at n=17.2 with ΔHobs=76kcal/mol.
The equilibrium binding constants in these experiments, except for blunt-ended DNA are all too
high to be accurately measured. Thus no ΔG or TΔS0 can be obtained.
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Figure 15. Cutaway views of a crystal structure of RecBCD-DNA from Singleton et al2. The
protein subunits of the atomic model are rendered as surfaces using UCSF ChimeraX. RecB is
colored in red, RecC in blue and RecD in green. The DNA is represented as slabs/ribbons. The
panel on the right is a rotated view of the left panel along the x-axis. This shows that the 5’
nucleotides 10-12 and 19 which are protected in hydroxyl footprinting assays8 are solvent
exposed in the structure.
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Figure 16. A model in which interactions between RecBCD and a long 3’ ssDNA overhang
are dependent on RecD interaction with a sufficiently long 5’ overhang. Cartoon depicts
RecBCD interacting with long 3’ ssDNA when RecD is interacting with a 5’ ssDNA tail in A.
However, this is not possible for RecBC (panel B). In the absence of RecD, RecBC can only
interact with 3’ ssDNA up to 6 nucleotide in length. This is possibly because RecD interaction
with 5’ ssDNA allows RecC to be accessible for interaction with 3’ ssDNA presumably via long
range allosteric interactions.
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Chapter III
Allosteric effects of RecBNuc on the thermodynamics of RecBCDDNA interactions
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Abstract
RecBCD is a helicase and nuclease protein complex in E. coli. It plays important roles in
recombination repair of dsDNA breaks as well as in serving as a defense mechanism against
foreign DNA. RecBCD possesses a single nuclease active site in the RecB nuclease domain
(RecBNuc). Despite structural studies indicating that RecBNuc is located some 70Å away from the
site of DNA binding in RecBCD-DNA complexes, recent studies from our lab indicated that
deletion of RecBNuc results in a ~65% decrease in the rate of DNA unwinding by RecBΔNucCD.
Those studies also showed that the reduced unwinding rate is not due to a loss of the nuclease
activity of RecBCD. This indicates that the RecBNuc domain affects RecBCD-DNA interactions.
We have characterized the thermodynamics of RecBCD-DNA binding in Chapter Two in detail
using fluorescence titration and isothermal titration calorimetry experiments. In this chapter, we
examine the thermodynamics of RecBΔNucCD binding to DNA ends using the same equilibrium
binding techniques. We show that deletion of RecBNuc from RecBCD results in an increase in
binding affinity to DNA ends. This indicates an allosteric role of RecBNuc in RecBCD-DNA
binding that has not previously been observed. Our results also indicate that RecBΔNucCD
binding to DNA ends that resemble fully ‘pre-melted’ DNA ends are still associated with large
negative ΔHobs. However, the difference in ΔHobs for RecBΔNucCD binding to a blunt DNA end
vs a fully ‘pre-melted’ end is much less than that of RecBCD. Our results suggests that binding
of RecBΔNucCD to a blunt DNA end results in less base pair melting than RecBCD via allosteric
effects. Furthermore, unlike RecBCD, our data show that RecBΔNucCD binding to DNA ends is
unaffected by the presence of Mg2+, which suggests that RecBΔNucCD can melt dsDNA in the
absence of Mg2+. Based on these studies, we propose a model to explain the potential roles of
RecBNuc and RecD in RecBCD-DNA interactions.
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Introduction
E. coli RecBCD is a hetero-trimeric helicase/nuclease that functions in homologous
repair of DNA double strand breaks as well as degradation of foreign dsDNA. RecBCD has two
ATPase/motor subunits: RecB, an SF1A DNA helicase/translocase that translocates along single
stranded (ss) DNA with 3’ to 5’ directionality and RecD, an SF1B helicase/translocase, that
translocates along ssDNA with 5’ to 3’directionality1–3. During dsDNA unwinding, the RecB and
RecD motors work on opposite strands of the DNA duplex and thus move in the same net
direction during duplex DNA unwinding by RecBCD. The RecB subunit also possesses a
nuclease domain that is linked to the RecB motor domain via a long ~70 amino acid linker, as
well as an arm domain that interacts with duplex DNA (Figure 1A and 1B)4. The RecC subunit
interacts with both RecB and RecD and is a processivity factor. RecC also plays a regulatory role
and contains the region that recognizes the host chromosome’s eight nucleotide Chi (crossover
hot spot instigator) DNA sequence (5’-GCTGGTGG-3’)5–8. Chi recognition during DNA
unwinding leads to changes in multiple activities of RecBCD that are crucial for its role in
recombination repair as well as discriminating the host genome from foreign DNA9. It has been
shown that RecBCD moves along the two unwound DNA strands of a duplex with asymmetrical
rates3,9,10 and that Chi recognition causes RecBCD to switch the lead motor during DNA
unwinding from RecD to RecB and slows down the overall unwinding rate9,11. Biochemical
studies also indicate that Chi recognition triggers RecA loading onto the 3’ ended ssDNA6,12,13,
which is a process dependent on RecBNuc. However, it has been suggested that the RecARecBNuc binding interface is occluded in RecBCD-DNA structures by the RecC subunit9. This
suggests that Chi recognition can also induce conformational changes related to RecBNuc,
causing it to transiently “undock” from RecC.
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Farah and Smith14 have shown using KMnO4 footprinting that RecBCD ‘melts’ 5-6 base
pairs upon binding to a blunt dsDNA end. This process appears to require Mg2+ but is
independent of ATP14. Subsequently, a crystallographic study4 supported this finding by showing
that when RecBCD binds to a blunt-ended 19bp DNA hairpin it melts four bp in the presence of
Ca2+. Wong and Lohman15 have shown using KMnO4 footprinting as well as equilibrium binding
techniques that RecBC, in the absence of the RecD subunit, is also capable of melting six bp
upon binding to a blunt DNA end, also in a Mg2+ dependent but ATP independent manner.
Furthermore, RecBCD and RecBC both bind preferentially to DNA ends with unpaired ssDNA
tails on both the 3’ and 5’ ends15–17. These DNA ends resemble a pre-melted forked DNA end,
hence, RecBCD and RecBC binding to such ends does not need to overcome the unfavorable
free energy of melting the blunt DNA ends. RecBC shows highest binding affinity for a DNA
end possessing both a 3’-dT6 and a 5’-dT6 tail15–17,while RecBCD shows highest binding affinity
for a DNA end possessing both a 3’-dT6 and a 5’-dT10 tail16.
Despite much research, the DNA unwinding mechanism of RecBCD remains under
debate. Our lab proposed that RecBCD unwinds duplex DNA by repeated cycles of ATP
independent DNA melting followed by ATP dependent translocation18. This suggests that DNA
translocation and unwinding are separate processes. This is collectively based on various
experimental evidence that: 1) RecBC and RecBCD are capable of ‘melting’ 5-6 bp from a
dsDNA blunt end in an Mg2+ dependent and ATP independent fashion14,15; 2) the amount of ATP
hydrolyzed by RecBC is the same during DNA unwinding and ssDNA translocation19 raising the
possibility that ATP is not used for DNA bp melting, but rather for ssDNA translocation of the
motor subunits; 3) DNA unwinding by RecBC and RecBCD can be described by an n-step
sequential kinetic model with a repeated kinetic step size of ~4-5 bp similar to the number of
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base pairs melted upon binding to a blunt DNA end I the absence of ATP20–22; 4) RecBCD is
able to processively unwind at least 80 bp of DNA even when translocation by the canonical
RecB and RecD motors is blocked23. Furthermore, DNA melting plays important roles in the
initiation of DNA unwinding14,20, since RecBCD requires extra kinetic steps to initiate
unwinding from a blunt DNA end than from a DNA end possessing pre-melted 3’-dT6 and 5’dT10 tails20. Recent single-molecule studies also suggested that RecBCD binding to a DNA end
possessing sufficiently long 5’ ssDNA overhangs can lead to an initiation complex that is active
for DNA unwinding24,25. Interestingly, even though RecBC appears able to melt out some base
pairs upon binding to a blunt DNA end, it initiates unwinding from a blunt DNA end very
inefficiently15,20. However, RecBC does unwind efficiently from a DNA end possessing a 3’-dT6
and a 5’-dT6 tail20.
More recently, Simon et al.23 showed that deletion of the RecB nuclease domain, RecBNuc
(RecB930-1180, Figure 1B), reduces the dsDNA unwinding rate of RecB∆NucCD by 35%.
However, this is not due to the loss of nuclease activity since a nuclease deficient mutant,
RecBD1080ACD carrying a single point mutation in the nuclease active site unwinds dsDNA at the
same rate as wildtype RecBCD23. Here we examine the role of RecBNuc in RecBCD-DNA
interactions by characterizing the thermodynamics of RecBΔNucCD-DNA binding using
equilibrium fluorescence and isothermal titration calorimetric (ITC) approaches.
Buffers
Reagent grade chemicals and double-distilled water further deionized with a Milli-Q purification
system (Millipore Corp., Bedford, MA) were used to make all buffers. Buffer A is 50 mM Tris
HCl, pH 7.5, 10% sucrose. Buffer C is 20 mM potassium phosphate, pH 6.8, 0.1 mM β-
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mercaptoethanol, 0.1 mM EDTA, 10% (v/v) glycerol. Buffer M is 20 mM MOPS-NaOH
(pH7.0), 1 mM β-mercaptoethanol, 5% (v/v) glycerol. In this report, we use a shorthand
abbreviation in the form of Buffer Mx-y where x is the [NaCl] and y is the [MgCl2], both in mM
units. We determined the concentration of stock MgCl2 solutions by measuring their refractive
index using a Mark II refractometer (Leica Inc., Buffalo, NY) which can be related to [MgCl2]
using a standard table26.
Proteins
RecBCD was purified as described in Chapter 2 and RecBΔNucCD was purified from a strain in
which the host recB, recC and recD genes were deleted following the protocol described by
Simon et al23. Protein concentrations were determined by absorbance spectrum in Buffer C,
using an extinction coefficient of ε280=4.5×105 M-1cm-1 for RecBCD21 and ε280=4.11×105 M-1cm-1
for RecBΔNucCD23. Bovine serum albumin (BSA, from Sigma St. Louis, MO) concentration was
determined by absorbance spectrum using an extinction coefficient of ε280=4.3×104M-1cm-1 in
Buffer C27.
DNA substrates
DNA substrates were synthesized and purified as described in Chapter 2 and previous
studies20,23. The concentrations were measured as described20,23, by digesting the DNA sample
using phosphodiesterase I (Worthington, Lakewood, NJ) into a mixture of mononucleotides, the
concentration of which is then analyzed by absorbance spectrum with the following extinction
coefficients: ε260=15340M-1cm-1 for AMP, ε260=7600M-1cm-1 for CMP, ε260=121600M-1cm-1 for
GMP, ε260=8700M-1cm-1 for TMP28. Double-stranded DNA substrates were annealed by mixing
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the two corresponding single-stranded oligodeoxynucleotides, then heating to 95°C for 5 minutes
and cooling slowly to 25°C23.
Sedimentation Velocity
Sedimentation velocity experiments were performed as described in Chapter 2, monitoring
absorbance at 230 nm using 200 nM RecBΔNucCD. The partial specific volume of RecBΔNucCD
(0.736ml/g) was determined using SEDNTERP.
Fluorescence Titrations
Fluorescence titrations were performed and analyzed as described in Chapter 2 using a binding
model for two identical and independent binding sites. ΔFobs/ ΔFmax, (ΔFobs, the observed
fluorescence change after the ith addition of protein; ΔFmax, the maximum value of ΔFobs) can be
directly related to the equilibrium constant of RecBCD to a DNA end (Kr) and the free RecBCD
concentration (Bf) using equation (1)27:
∆𝐹𝑜𝑏𝑠
∆𝐹𝑚𝑎𝑥

2𝐾𝑟 𝐵𝑓

= 1+𝐾

𝑟 𝐵𝑓

(1)
and to the total RecBΔNucCD concentration (BT), total DNA concentration (DT) and Kr as in eq.
(2)27,
∆𝐹𝑜𝑏𝑠
∆𝐹𝑚𝑎𝑥

=

1+𝐾𝑟 (𝐵𝑇 +2𝐷𝑇 )−√4𝐾𝑟 𝐵𝑇 +(1−𝐾𝑟 𝐵𝑇 +2𝐾𝑟 𝐷𝑇 )2
4𝐾𝑟 𝐷𝑇

(2)
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which was used for global NLLS analysis with Scientist (MicroMath Scientist Software, St.
Louis, MO) to obtain Kr and ΔFmax.
Competition fluorescence titrations were performed and analyzed as described in Chapter
2. This was used to obtain KBΔNucCD, the equilibrium binding constant of RecBΔNucCD to
unlabeled DNA substrates (depicted in Figure 3C and 3D).
In this experiment, the total concentration of RecBΔNucCD (BT) is given in eq. (3).

𝐵𝑇 = 𝐵𝑓 (1 + 2 (

𝐾𝐵𝛥𝑁𝑢𝑐𝐶𝐷 𝑁𝑇

(1+𝐾𝐵𝛥𝑁𝑢𝑐𝐶𝐷 𝐵𝑓 )

2

+

𝐾𝑟 𝐷𝑇
(1+𝐾𝑟 𝐵𝑓 )

2

) + 2𝐵𝑓 (

2
𝐾𝐵𝛥𝑁𝑢𝑐𝐶𝐷
𝑁𝑇

(1+𝐾𝐵𝛥𝑁𝑢𝑐𝐶𝐷 𝐵𝑓 )

2

+

𝐾𝑟2 𝐷𝑇
(1+𝐾𝑟 𝐵𝑓 )

2

))

(3)
Global NLLS analysis using Scientist (Micromath Scientist Software, St. Louis, MO) was
performed using equation (3) and (1) to obtain KBΔNucCD.
Isothermal Titration Calorimetry
ITC experiments were performed as described in Chapter 2, where DNA substrates in the ITC
syringe were titrated into the sample cell containing RecBΔNucCD. The results were analyzed
using the NLLS analysis program (Malvern Panalytical, Malvern, UK) in the Origin 7.0 software
as described in Chapter 2.
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Results
RecBΔNucCD assembly state and binding stoichiometry to duplex DNA.
The following studies were performed in Buffer Mx-y, which is 20 mM MOPS, pH7.0
and where x indicates the [NaCl] in mM and y indicates the [MgCl2] in mM at the indicated
temperature. Buffer Mx is Buffer M with x mM NaCl and the specified [MgCl2].
RecBΔNucCD is a variant of RecBCD in which the entire RecBNuc domain (RecB9301180) (Figure 1B) was deleted. Hence, the molecular weight of RecBΔNuc is105 kDa, compared
to 134 kDa for RecB. We purified RecBΔNucCD to homogeneity (Figure 2A) using methods
described previously23 (see also Materials and Methods). A denaturing SDS polyacrylamide gel
comparing purified RecBCD with purified RecBΔNucCD shows that each prep contains three
subunits. The gel shows that the RecBΔNucCD prep contains wild type RecC and RecD and that
the band for RecBΔNuc runs at the expected lower molecular weight and contains no full length
RecB. Within the concentration ranges and in the solution conditions used in this study,
RecBΔNucCD exists as a stable hetero-trimer based on sedimentation velocity experiments. For
example, Figure 2B compares the results of sedimentation velocity experiments for RecBCD,
RecBΔNucCD and a mixture of the two in 50 mM NaCl and 10 mM MgCl2 (Buffer M50-10,
25°C). Analysis using the program SEDFIT (See Material and Methods) yields a c(s)
distribution (Figure 1B) that shows the populations of species with different sedimentation
coefficients29. The c(s) distribution for 200 nM RecBCD shows a single symmetric peak (width
at half height = 0.8S) with a weight average sedimentation coefficient of 11.4 S, corresponding
to s20,w= 13.6 S (Figure 2B red). The same concentration of RecBΔNucCD (200 nM) in the same
conditions also yields a single symmetric peak (width at half height = 0.5S) with a weight
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average sedimentation coefficient of 10.5 S, corresponding to s20,w=12.6 S (Figure 1B, blue). The
lower sedimentation coefficient is consistent with the loss of the nuclease domain. Since
RecBΔNucCD is expressed and purified from a RecBCD deletion strain of E. coli, to avoid any
RecBCD contamination in our RecBΔNucCD sample, consistent with the denaturing gel in Figure
2A. As a further check, we performed a sedimentation velocity experiment on a 1:1 mixture of
100 nM RecBCD and 100 nM RecBΔNucCD. The c(s) distribution profile shows a single peak
that is broader (width at half height = 1.1S) and runs at a position between the peaks for RecBCD
and RecBΔNucCD alone. The weight average sedimentation coefficient is 11.0 S (s20,w=13.1S)
(Figure 1B, green), which is almost exactly the average of the sedimentation coefficients of
RecBCD and RecBΔNucCD in Figure 1B. Therefore, although separate peaks are not observed in
a 1:1 mixture, a shift in average sedimentation coefficient would be observed if significant
RecBCD contamination exists in the RecBΔNucCD prep. Interestingly, as mentioned in Chapter 2,
we found no evidence for any hexameric form of RecBΔNucCD during purification in stark
contrast to our RecBCD preps which always contained significant amounts of RecBCD hexamer
that had to be purified away from the RecBCD hetero-trimer. This suggests that the nuclease
domain is responsible for formation of the (RecBCD)2 hexamer and we hypothesize that it is due
to a swapping of the nuclease domain between two hetero-trimers.
We first examined equilibrium binding of RecBΔNucCD to DNA ends using the
fluorescently labeled reference DNA as described previously (see Chapter 2 and Wong et
al.15,17,27). This Reference DNA consists of a 60 bp duplex with both DNA ends possessing a 5’Cy3 label and a 3’-dT4 tail (Table 1). The Cy3 fluorescence of this DNA is enhanced upon
RecBΔNucCD binding. Previous studies15,17,27 (see also Chapter 2) have shown that this reference
DNA is long enough to allow the binding of one RecBCD heterotrimer or one RecBC hetero104

dimer to each DNA end independently. Figure 2C shows the results of titrations at two reference
[DNA] (20 nM and 40 nM) with RecBΔNucCD in Buffer M50-10 at 25°C. As shown in Figure
2C, when plotted as Cy3 fluorescence enhancement vs. [RecBΔNucCD]total/[DNA]total , the two
titrations overlay. The Cy3 fluorescence increases linearly with [RecBΔNucCD] and reaches a
plateau at ~90% enhancement (The figure shows not quite 80% enhancement) with a sharp
breakpoint at [RecBΔNucCD]/[DNA]=2. These results show that RecBΔNucCD binds to the
reference DNA with affinity that is too high (KBΔNucCD>2×109M-1) to be accurately measured
under these conditions. However, these titrations show that two RecBΔNucCD trimers bind to one
reference DNA as expected, indicating that our RecBΔNucCD protein preparation is 100% active
in DNA binding.
RecBNuc domain decreases RecBCD binding affinity to DNA ends
We first directly compared the equilibrium constant for binding of RecBCD and
RecBΔNucCD to the reference DNA monitoring the Cy3 fluorescence enhancement in Buffer
M200-0, 25.0˚C and the results are shown in Figure 3A. Surprisingly, RecBΔNucCD has a higher
affinity than RecBCD. We measure KBCD = 7.2(±0.3)×107M-1, which is the same within error as
previously reported under the same conditions27. However, under this condition, the binding
isotherm for RecBΔNucCD is shifted to the left indicating a higher affinity, in fact too high to
accurately measure yielding only a lower limit estimate of KBΔNucCD > 2×109M-1 (Figure 3A). We
repeated this experiment at 275mM [NaCl] (Buffer M275-0, 25°C), where both KBCD and
KBΔNucCD can be measured accurately. The results in Figure 3B show a five-fold difference in
binding constant with KBΔNucCD = 2.5 (±0.1)×108 M-1, and KBCD = 5.1 (±0.1)×107 M-1. This
demonstrates that the RecBNuc domain affects RecBCD-DNA binding and indicates that removal
of RecBNuc increases the affinity of RecBΔNucCD to the DNA end. In all RecBCD structures
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published to date4,30–32, the RecBNuc is located (Figure 1A), far from the DNA binding site of
RecBCD and shows no direct interaction with the DNA, hence this result suggests the effect of
RecBNuc on DNA binding is allosteric.
We next examined RecBΔNucCD binding to DNA ends as a function of the length of a
flanking 3’ or 5’ ssDNA tail. The DNA substrates used (Figure 3C and 3D) possess different
lengths of a 3’-dTn or 5’-dTn tail and are not fluorescently labeled. Hence we used a competition
binding experiment using the Cy3 labeled reference DNA in Figure 3A and B. For these
experiments, protein was titrated into cuvettes containing either the fluorescent reference DNA
alone or a mixture of the fluorescent reference DNA and an unlabeled DNA. The resulting
isotherms were globally fit to a competitive binding model (See Material and Methods) to
determine the equilibrium binding constants. Figure 3C-F shows examples of fluorescence
competition titrations of RecBΔNucCD with 3’dT4, 3’dT8, 5’dT8 and 5’dT20 respectively.
The resulting equilibrium binding constants obtained from competition experiments in
Buffer M275-0 are summarized in Table 2 and plotted in Figures 3G and H. For RecBΔNucCD
binding to a DNA end possessing only a 3’-dTn tail, KBΔNucCD increases as n increases from 0 to
6, but then decreases for n>6 (Figure 3G, blue). For binding to DNA ends with only a 5’-dTn tail,
KBΔNucCD increases with increasing n until reaching a plateau at n=10 (Figure 3H, blue). These
are the same trends that were observed for RecBCD (red in Figures 3G and H) as shown in
Chapter 2 and previous studies27. Importantly, RecBΔNucCD binds to all of the DNA ends
examined with significantly higher affinities than RecBCD. These experiments were all
performed in buffer without Mg2+ (Buffer M275-0, 25°C), so that the RecBCD nuclease should
be inactive. However, we have shown in Chapter 2 that RecBCD does not degrade these 3’-dTn
and 5’-dTn DNA substrates even in the presence of Mg2+. This indicates that the enhancement in
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equilibrium binding affinity that we observed for RecBΔNucCD is not due to a lack of nuclease
activity but to deletion of the RecBNuc domain.
Although Mg2+ is required for the nuclease activity of RecBCD, it also influences its
DNA binding and DNA melting activities (see Chapter 2 and previous studies14,16,17,33). As such,
we compared the binding of RecBΔNucCD and RecBCD to the 3’- and 5’-dTn substrates in the
presence of 10 mM Mg2+ at 275mM NaCl (Buffer M275-10, 25°C). These results, summarized
in Figure 4A and 4B and Table 2, show similar trends to those observed in the absence of Mg2+
(Figure 3G and 3H). In addition, a comparison of Figures 3G and 3H with Figures 4A and 4B
shows that the addition of 10mM MgCl2 slightly reduces KBΔNucCD to both 3’-dTn and 5’-dTn
DNA substrates. Similar effects of Mg2+ were also observed at 275mM NaCl for RecBCD,
despite past evidences suggesting a role of Mg2+ in facilitating RecBCD-DNA binding14,16,33.
This led us to discover that the specific effect of Mg2+ to enhance RecBCD binding to a DNA
end is only observed at lower [NaCl] (e.g. ≤ 50 mM) (see Chapter 2). It is likely that the Mg2+
effect on RecBΔNucCD is also [NaCl] dependent, which will be addressed later in this Chapter.
To identify whether RecBNuc removal specifically enhances the affinity of RecBCD to
certain DNA substrates, we plotted KBΔNucCD/KBCD against dT tail length in Figure 4C. This plot
uses data from Figure 4A and 4B, and shows that the removal of RecBNuc has the strongest
enhancement, up to ~12-fold, for binding to DNA ends with 3’-dTn tails with 4<n<10 (Figure 4C
red squares). The enhancement for binding to DNA ends with 5’-dTn tails is more uniform, all at
~ 2 fold (Figure 4C blue squares). The difference in KBΔNucCD and KBCD between 3’-dT6 and 3’dT10 also suggests that there are additional interactions between RecBCD and 3’ tails longer than
dT6, and that RecBNuc affects these interactions. This is consistent with our results in Chapter 2,
where we showed that RecBCD makes additional interactions with a DNA end possessing 3’-dTn
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tails for 6<n<10. However, the ΔH for RecBCD binding to DNA ends with n>6 was
compensated by an unfavorable TΔS0 term, resulting in a decrease in the equilibrium binding
constant for n>6. In the following sections, we examine RecBΔNucCD binding to DNA ends using
isothermal titration calorimetry (ITC) to test whether a similar enthalpy-entropy compensation
and interactions with long DNA tails are affected by the deletion of RecBNuc.
Thermodynamics of RecBΔNucCD binding to DNA ends with a single dTn tail
We used ITC to examine RecBΔNucCD binding to DNA ends possessing 3’-dTn or 5’-dTn
overhangs. Figure 5A-D show example results from these experiments, where a DNA substrate
(3’-dT6, 3’-dT15, 5’-dT4 and 5’-dT20 for panel A, B, C and D respectively) was titrated into
RecBΔNucCD in the sample cell. The resulting binding isotherms were analyzed by NLLS
described in Materials and Methods, yielding the equilibrium binding constant K and the binding
enthalpy ΔHobs. The standard state Gibbs binding free energy, ΔG0, was calculated from ΔG0 = RTlnK, and TΔS0 determined by difference from ΔG0=ΔH-TΔS0. Thus, one can obtain a
complete thermodynamic profile (ΔG0, ΔH and TΔS0) from a single ITC experiment, if the
conditions allow K to be accurately measured.
The ΔG0 values from these experiments are plotted vs. dT tail length in Figure 5E and
show a trend that is consistent with the fluorescence experiment results shown in Figure 4A and
4B. Figure 5E shows that RecBΔNucCD binds to 3’-dT6 with the lowest ΔG0 (highest affinity).
For n >6, ΔG0 becomes less negative (less favorable). The ΔG0 values for RecBΔNucCD binding
to 5’-dTn becomes more favorable (more negative) as n increases reaching a plateau at n=10. The
values of ΔG0 and K are summarized in Table 3.
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The values of ΔH and TΔS0 for RecBΔNucCD binding to 3’-dTn and 5’-dTn are shown in
Figure 5F and 5G, respectively and summarized in Table 3. The ΔH for RecBΔNucCD binding to
a blunt DNA end is unfavorable (10.4±0.2 kcal/mol), hence binding is entropically driven (T∆S0
=20.1±0.2 kcal/mol). This is qualitatively similar to what is observed for RecBCD binding to a
blunt DNA end under the same conditions (see Chapter 2). However, RecBCD binding to a blunt
DNA end is associated with a much less unfavorable ∆H =+4.6 ± 0.2 kcal/mol) and also a less
favorable T∆S0 (+14.1 ± 0.2 kcal/mol).
In contrast to blunt end binding, the ∆H for RecB∆NucCD binding to the 3’-dTn DNA ends
is favorable for n≥6, with a plateau of ∆H = -20.7± 0.1 kcal/mol. By comparison, the H for
RecBCD binding shows evidence for interactions with a 3’-dTn tail for n up to 10 (Chapter 2).
This indicates that the presence of the RecBNuc domain is important for interactions between
RecBCD and 3’-dTn tails with 6<n≤10. Based on published structural data, a 3’-dT6 tail is expected
to be long enough to reach the interface between RecB and RecC, but would not be long enough
to reach RecBNuc 17,32. These results give further support to the conclusion that RecBNuc contributes
to DNA binding via allosteric effects. The change in T∆S0 with 3’-dTn tail length is biphasic
(Figure 5F). For n<6, T∆S0 decreases sharply changing from favorable 20.1±0.2 kcal/mol (blunt
DNA end) to unfavorable -8.4±0.1 kcal/mol (n=6). For n>6, while the ∆H has reached a plateau,
the T∆S0 component continues to become more unfavorable (-8.4±0.1kcal/mol for n=6 to 11.3±0.1kcal/mol for n=10) but the change is less drastic than for n<6. This results in a decrease
in the equilibrium binding constant (Figure 4A) and increase in ∆G0 (Figure 5C) for RecBΔNucCD
binding to 3’-dTn with n>6.
For RecBΔNucCD binding to DNA ends possessing only 5’-dTn tails (Figure 5G), ΔH is
initially unfavorable up to 5’-dT8, is near zero for 5’-dT10 and then becomes favorable for n≥ 15,
109

reaching a plateau of ΔH = -14.2±0.1kcal/mol at 5’-dT15. The T∆S0 contribution is favorable for
DNA ends with 5’-dTn tails with 0<n<10, indicating that binding is entropically driven, but
becomes slightly unfavorable for n≥15 with a nearly constant T∆S0= -2.3±0.1kcal/mol. The
results in Figure 5G show that both ΔH and TΔS0 for RecBΔNucCD binding to 5’-dTn ends show
biphasic changes with respect to an increase in 5’-dT tail lengths, where for 0<n<8, ΔH and
TΔS0 are nearly insensitive to changes in 5’dT tail length, whereas for 8<n<15, ΔH and TΔS0 are
dramatically different. Furthermore, while ΔG0BΔNucCD = -12.1±0.2 kcal/mol is the same for DNA
ends with 5’-dT10 and 5’-dT15 (Figure 5E), this is the result of an enthalpy/entropy compensation
since these have very different values of ∆H (zero vs. -14.2±0.1kcal/mol) and T∆S˚
(+11.5±0.2kcal/mol vs. –2.3±0.1kcal/mol) (Figure 5G).
We compared the binding of RecBCD and RecBΔNucCD to the 3’-dTn and 5’-dTn ends in
Figure 6 by plotting ΔΔH(= ΔHBΔNucCD- ΔHBCD,) and TΔΔS0 (=TΔΔS0BΔNucCD-TΔΔS0BCD).
Overall, a less favorable ΔH is observed for RecBΔNucCD binding to DNA ends possessing a
blunt end or either a 3’ or 5’ DNA tail (Figure 6A and 6C), with the exception of 3’-dT6.
However, a more favorable (positive) TΔS˚ term is observed for RecBΔNucCD binding to all
DNA substrates (Figure 6B and 6D) resulting in higher binding affinities than for RecBCD.
Removal of RecBNuc clearly has a greater impact on binding to ends possessing 5’-dTn tails,
however, the entropy and enthalpy differences compensate resulting in only a modest two-fold
difference in binding affinity over the range of 5’-dTn lengths (Figure 4). It is interesting to note
that the difference between RecBCD and RecBΔNucCD binding to 3’-dT6 is entirely enthalpic
with no compensating TΔS0 difference. On the other hand, binding to 5’-dT10 shows the largest
difference in ΔH while also compensated by the largest difference in TΔS0. These results show a
clear effect of deletion of the RecBNuc domain on binding to DNA ends as a function of dT tail
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length, although no clear trend is observed. It is likely that RecBNuc deletion results in complex
non-additive, networked changes in the thermodynamics of RecBCD-DNA interactions.
RecBNuc affects interactions between RecBCD and DNA ends with long twin ssDNA tails
We next used ITC to examine RecBΔNucCD binding to DNA ends possessing dTn tails of
the same length on both the 3’- and 5’- DNA ends (dTndTn substrates), as depicted in Figure 7.
The ΔH values from these experiments are plotted in Figure 7 (blue). We were unable to obtain
information on ΔG0 and TΔS0 because the binding affinities to all dTndTn substrates (except n=0,
blunt-ended dsDNA) are too high to accurately measure by ITC. As shown in Figure 7 and
discussed above, ΔH for RecBΔNucCD binding to a blunt DNA end is unfavorable (+10.4±0.2
kcal/mol). However, ∆H for binding to the dTndTn DNA ends is favorable and becomes more
favorable as n increases, reaching a plateau of ∆H = -51.2±0.4kcal/mol for n≥15. This differs
significantly from the behavior observed for RecBCD/RecBD1080ACD which is shown for
comparison in Figure 7 (red). For RecBCD, ∆H does not reach a plateau until n=20 and the
plateau value of ∆H = - 75.8±0.3kcal/mol is significantly more favorable. Since the ΔH for
RecBΔNucCD (Figure 5) and RecBCD (Chapter 2) binding to the single tailed 5’-dTn substrates
both reach a plateau at n=15, the differences we observe for the dTndTn substrates likely reflects
different interactions with the 3’-dTn tail. This suggests that RecBNuc is important for RecBCD
interactions with 3’ tails for n=15-20 for a DNA end possessing dTn tails on both 3’ and 5’ end.
According to a recent RecBCD-DNA structural study32, a 3’-dT20 is long enough to potentially
reach the RecBNuc domain. This suggests that direct interactions between RecBNuc and the 3’-dT
tail may be at least partially responsible for the more favorable ΔH between 3’-dT15 and 3’-dT20.
However, these interactions appear to be influenced by whether the RecD subunit is interacting
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with a long 5’-tail. Therefore, direct RecBNuc-DNA interactions cannot be the only explanation
for the additional contributions to ΔH beyond n=15 in the RecBD1080ACD-dTndTn complex.
The plateau value of ∆H = -51.2±0.4kcal/mol (average for n=15-30) for RecBΔNucCD is
significantly less favorable than for RecBCD, (ΔH = - 75.8±0.3kcal/mol), although it is still
much more favorable than the plateaus for binding to 3’-dTn at ΔH = - 21.2±0.2kcal/mol or 5’dTn at ΔH = - 14.5±0.1kcal/mol. The ΔΔH, between n=0 and the plateau value for RecBΔNucCD
binding to dTndTn substrates is -61±0.4 kcal/mol, which is much smaller than the ∆∆H = 80.2±0.1kcal/mol observed for RecBCD. The overall ∆H for RecBΔNucCD binding to a blunt
DNA end is unfavorable (∆H = +10.4±0.2 kcal/mol). This must have unfavorable contributions
from base pair melting34–36 and favorable contributions from protein-DNA interactions. An
estimate of the favorable ΔH component due to RecBΔNucCD-DNA interactions can be obtained
from the ∆∆H = -61±0.4 kcal/mol observed for RecBΔNucCD binding to a blunt end vs. the premelted dTndTn substrates since base pair melting should not occur for these DNA ends. The large
difference in the ΔΔH values between RecBCD (-80.2±0.1kcal/mol) and RecBΔNucCD (-61±0.4
kcal/mol) indicates loss of protein-DNA interactions upon RecBNuc deletion. This difference of
~19 kcal/mol suggests that RecBΔNucCD may not melt as many base pairs at a blunt DNA end as
does RecBCD.

RecBNuc removal eliminates the Mg2+ dependent enhancement in DNA binding affinity
We have shown in Chapter 2 that the addition of Mg2+ enhances the binding affinity of
RecBCD to a DNA end, both blunt and pre-melted, although this occurs only at low [NaCl] (50
mM). To determine whether RecBNuc plays a role in this effect, we examined RecBΔNucCD
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binding to blunt-ended DNA at 50mM NaCl (Buffer M50, 25C) in the presence and absence of
10 mM MgCl2 by ITC. As shown in Figure 8A (and Chapter 2), at low [NaCl], KBCD increases
from (3.4±0.3)×107 M-1 to (1.8±0.4)×109 M-1 as [MgCl2] increases from 0.1 to 5mM. In these
experiments, DNA is titrated into RecBCD in the sample cell, resulting in binding isotherms that
reach a plateau at [DNA]:[RecBCD]=0.5, since two RecBCD hetero-trimers bind to one dsDNA
substrate. As [MgCl]2 increases, the ΔH for RecBCD binding to a blunt DNA end remains the
same (~15.7 kcal/mol) while the TΔS˚ component increases from 25.7±0.2kcal/mol to
28.3±0.2kcal/mol (Figure 8A). As noted in the previous chapter, this indicates that the
enhancement of KBCD resulting from the increase in [MgCl2] is entirely entropic.
Previous studies have shown that Asp1080 of RecB is an important residue in the
nuclease active site (Ile-Asp-Xaa12-13-Asp-Tyr-Lys) of RecBNuc. This may be due to its role in
chelating a Mg2+ ion to activate the nuclease activity37,38. A D1080A mutation abolishes the
nuclease activity of RecBCD39. This makes RecBD1080 a potential Mg2+ binding site that could be
responsible for the Mg2+ effect that we are reporting in the current study. However, under the
same solution conditions, RecBD1080ACD shows identical (within error) thermodynamic
parameters (K, ΔH and TΔS0) for binding to a DNA blunt end, as RecBCD (Figure 8A and 8B).
This indicates that RecBD1080ACD maintains the ability to interact specifically with Mg2+ which
results in the increase in the affinity to DNA blunt ends (Figure 8B).
On the other hand, RecBΔNucCD binds to a dsDNA blunt end tightly both in the presence
and absence of Mg2+ (Figure 8C). However, the equilibrium constants are too high to be
measured under these conditions (Buffer M50, 25˚C) and thus it is unclear from these
experiments whether Mg2+ enhances KBΔNucCD to DNA ends at low [NaCl]. To answer the
question of whether removal of RecBNuc influences the effects of Mg2+ on RecBCD-DNA
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binding, we needed to find a condition where the salt concentration is low enough for the Mg2+
effect to be observable while the binding affinity between RecBΔNucCD and DNA can be
measured accurately. Buffer M containing 150 mM NaBr satisfied these requirements. At 150
mM NaBr (Figure 9), the affinity of RecBCD for blunt-ended DNA is increased by about sevenfold upon addition of 10 mM Mg2+ while RecBΔNucCD is unaffected by addition of Mg2+. This
demonstrates that RecBNuc is linked to the ability of Mg2+ to enhance the binding of RecBCD to
a blunt DNA end.
Our results in Figure 8 and 9 suggest that the nuclease active site of RecB is unlikely to
be responsible for the Mg2+ effects on RecBCD-DNA binding and that there is another Mg2+
binding site on RecBNuc that has not previously been identified. While these results do not
directly rule out the possibility that the mutated nuclease active site of RecBD1080ACD can still
bind Mg2+ ions, it seems unlikely that the nuclease active site is responsible for the observed
Mg2+ effect if mutating a key Mg2+ chelating residue has no effect on the thermodynamic
parameters of DNA binding (compare Figure 8A and 8B).
Deletion of RecBNuc also affects the [NaCl] dependence of DNA binding
As discussed in Chapter 2, the ΔH for RecBCD binding to a blunt dsDNA end is
dependent on [NaCl]. However, in the current study, the ΔH for RecBΔNucCD binding to DNA
blunt ends at 275mM NaCl (Buffer M275-10, 25°C Figure 5A) and at 50 mM NaCl (Buffer
M50-10, 25°C Figure 8C) differ only slightly (10.4±0.2 kcal/mol vs. 8.0±0.2 kcal/mol). To probe
this more carefully, we examined RecBΔNucCD binding to blunt dsDNA end over a range of
[NaCl], in the absence of Mg2+ and compared the results with those of RecBCD under the same
conditions (Figure 10, Table 4 and Chapter2). As shown in Figure 10A, the ΔH for RecBΔNucCD
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binding to a blunt DNA end is quite insensitive to changes in [NaCl]. On the other hand, ΔH
decreases with increasing [NaCl] for RecBCD binding to blunt DNA ends. Consistent with all
experiments shown before, RecBΔNucCD binding to blunt ended DNA is more entropically driven
than RecBCD for all conditions shown in Figure 10A. Compared to RecBCD, at low [NaCl]
(≤50 mM), RecBΔNucCD binding is associated with a smaller unfavorable ΔH which contributes
to its higher affinity, while at higher [NaCl] (100 mM to 275 mM), the ∆H for RecBΔNucCD is
more unfavorable than for RecBCD, hence at high [NaCl], a more favorable entropic
contribution is solely responsible for the higher RecBΔNucCD affinity.
As detailed in Chapter 2, the dependence of RecBCD affinity for a blunt DNA end shows
a biphasic dependence on [NaCl]. Between 30 mM and 100 mM NaCl, the equilibrium binding
constants increase with increasing [NaCl] (Figure 10B, blue line). The slope,
dlogKBCD/log[NaCl]=1.6±0.2 indicates that binding is accompanied by a net uptake of one to
two Na+/Cl- ions. We were unable to measure equilibrium binding constants for RecBΔNucCD
binding in this range of [NaCl] (30-100mM), because binding affinity was too high. From this
data alone, we cannot conclude whether RecBΔNucCD binding also shows an increase in affinity
with increasing [NaCl] in this range. At higher [NaCl] (>100 mM), KBCD decreases as [NaCl]
increases with dlogKBCD/log[NaCl]= - 2.3±0.4, indicating that RecBCD-DNA binding is
associated with a net release of two to three Na+ and/or Cl- ions. However, in this same [NaCl]
range, RecBΔNucCD binding to a blunt DNA end is more sensitive to [NaCl] with
dlogKBΔNucCD/log[NaCl] = -4.8±0.3, indicating a net release of four to five Na+ and/or Cl- ions
(Figure 10B red line). This higher amount of net ion release will contribute to a more favorable
entropy change. This is consistent with our observation that RecBΔNucCD binding to DNA is
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always more entropically favored than RecBCD binding. These results are also summarized in
Table 4.

Discussion
RecB∆NucCD binds DNA with higher affinity than RecBCD, implicating an allosteric role of
RecBNuc in DNA binding.
We have made the surprising observation that removal of RecBNuc from RecBCD results
in an increase in affinity of RecB∆NucCD to all DNA ends under all conditions that we examined
(30<[NaCl]<275mM, 0<[MgCl2]<10mM, pH7.0, 25°C). This increase in binding affinity is
entirely due to a more favorable entropy change at [NaCl]≥100mM. At low [NaCl], the TΔS0
component cannot be determined because RecBΔNucCD binds to blunt-ended DNA
stoichiometrically both in the absence and presence of Mg2+. We have found that the affinity of
RecBΔNucCD binding to blunt-ended DNA is also more sensitive to [NaCl] than is RecBCD,
indicating a greater number of ions (Na+/Cl-) released per protein-DNA binding event. This
additional ion release would be one factor contributing to the more entropically favored binding
of RecBΔNucCD to DNA. The more favorable TΔS0 contribution could also reflect more
conformational flexibility of the RecBΔNucCD-DNA complex than the RecBCD-DNA complex.
It also could reflect that RecBΔNucCD is less conformationally flexible than RecBCD. This could
be the case if the RecBNuc domain is flexible in RecBCD, but more constrained in the RecBCDDNA complex. In fact, this is suggested by the cryo-EM structures that I report in Chapter 4. We
have demonstrated for the first time that RecBNuc influences RecBCD binding to a dsDNA blunt
end. Given that the location of the RecBNuc domain in the reported crystal and cryo-EM
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structures is very far removed (~70Å) from the site of DNA binding, our results suggest that the
RecBNuc domain allosterically regulates the binding of RecBCD to a DNA end.
While RecBΔNucCD shows optimal binding affinity for a DNA end possessing both a 3’dT6 and a 5’-dT10 tail, which is the same preference as observed for RecBCD, KBΔNucCD is much
higher than KBCD for all DNA substrates, by as much as ~15-fold for 3’-dT6 (at 275mM NaCl).
Wong and Lohman17 showed in a previous study that, compared to RecBC, RecBΔNucC only
showed a modest (~3 fold) increase in affinity for 3’-dTn with n≥8 and no differences for binding
to 5’-dTn. This suggests that the presence of RecD is important for the allosteric effects of
RecBNuc.
Our data also show that deletion of RecBNuc have different effects on RecBCD
interactions with 3’ and 5’ ssDNA overhangs. The ΔH and TΔS plateau occur at n=15 for both
RecBΔNucCD and RecBCD binding to DNA ends with a single 5’ ssDNA overhang (5’-dTn).
However, the ΔH for RecBΔNucCD binding to 3’-dTn reaches a plateau at n=6, as compared to
n=10 for RecBCD. This indicates that RecBNuc is important for DNA interactions occurring
between 3’-dT6 and 3’-dT10 when RecBCD binds to a DNA end possessing a 3’ ssDNA
overhang. Interestingly, ΔH of RecBΔNucCD and RecBCD reaches plateau at longer ssDNA tail
lengths (n=15 for RecBΔNucCD and n=20 for RecBCD) when binding to DNA ends possessing
ssDNA overhangs at both 3’ and 5’ ends (dTndTn). According to a recent Cryo-EM structure32 of
a RecBCD-DNA complex, a 3’ DNA tail of 15 nucleotides is short enough to remain within the
RecC subunit, potentially interacting with the Chi-recognition site within RecC, while a 3’ tail of
17 nucleotides is potentially long enough to interact with the RecBNuc domain. Therefore, the
results we observe could reflect the combined effect of direct RecBNuc-DNA interactions as well
as an allosteric effect of RecBNuc on the RecD-DNA interaction.
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RecBNuc influences the extent of DNA melting and is required for Mg2+ enhancement of
RecBCD-DNA binding
We show here that, in contrast to our findings for RecBCD, Mg2+ does not enhance the
binding affinity of RecBΔNucCD to blunt ended DNA, although this is based on an experiment
performed at 150 mM NaBr (Buffer M, 25°C) in order to lower the binding constants into a range
that can be measured accurately. However, under these identical conditions, the presence of Mg2+
still enhances RecBCD binding to a blunt DNA end by nearly a factor of ten. This indicates that
RecBNuc is required for the positive linkage between Mg2+ and RecBCD binding to DNA. Since
current evidence suggests that the presence of Mg2+ is required for dsDNA melting by
RecBCD14,40, our results beg the question: how is DNA melting affected by RecBNuc? As discussed
in Chapter 2, the large negative ΔH for RecBCD binding to DNA ends possessing long dT n tails
on both 3’ and 5’ ends represents an estimate of the maximum favorable contributions to ∆H
resulting from RecBCD binding to and melting a blunt DNA end. The favorable enthalpy from
these interactions compensates the unfavorable enthalpic cost of DNA bp melting. If we assume
an average of +8±1kcal/mol for each base pair melted, based on our previous estimate from RecBC
studies16,33 that is within the range of other estimates34–36, our results suggest that RecBCD can
melt as many as 9-11 bp and possibly as many as 17-18 bp. Our current study shows that ΔH for
RecBΔNucCD binding to dTndTn reaches a plateau at n=15, shorter than the n=17-18 observed for
RecBCD. The difference between the ΔH values for RecBΔNucCD binding to blunt-ended DNA vs,
a dT15dT15 DNA end is ∆∆H= -61±0.4kcal/mol, much smaller than the ∆∆H= -80.2±0.1kcal/mol
for RecBCD (Chapter 2). However, this still indicates that RecBΔNucCD binding to dTndTn
substrates with n>15 is much more thermodynamically favored than binding to a blunt DNA end,
consistent with the idea that RecBΔNucCD still melts some dsDNA. Using the same estimate of
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8±1kcal/mol for each dsDNA base pair melted, our results suggest that RecBΔNucCD can melt only
7-9 bp. The deletion of RecBNuc not only causes a loss of interactions between RecBCD and DNA
possessing long pre-formed dTn tails but the loss of these interactions may also result in a decrease
in DNA melting activity. In addition, even though RecBΔNucCD binds to a blunt DNA end with
higher affinity than RecBCD, our lab has shown that deletion of the RecBNuc domain inhibits its
rate of initiation of DNA unwinding from a blunt DNA end (N. Fazio, unpublished) while also
reducing the DNA unwinding rate23 (N. Fazio, unpublished). However, the rate of ssDNA
translocation is affected much less by deletion of RecBNuc (N. Fazio, unpublished). This further
supports the idea that RecBΔNucCD can still melt some dsDNA but likely less than RecBCD.
Furthermore, in Chapter 5, we present cryo-EM studies showing that RecBΔNucCD can melt ~3 bp
upon binding to a blunt DNA end in the presence of Mg2+, compared to at least 11 bp melted by
RecBCD, consistent with the conclusion that deletion of RecBNuc results in melting of fewer bp
from a blunt DNA end. Our results suggest that RecBΔNucCD-DNA binding may not be affected
by Mg2+, if RecBΔNucCD can indeed melt dsDNA base pairs in the presence of Mg2+, it is also
possible that RecBΔNucCD can melt DNA in the absence of Mg2+.
Roles of RecBNuc and RecD in RecBCD-DNA interactions
The thermodynamic studies of RecBCD binding to DNA ends presented in Chapter 2
indicate the important roles of RecD in potentially changing how the 3’ ssDNA tail may access
the RecC channel. Here we demonstrate that even in the presence of RecD, interactions with
long 3’ ssDNA tail can be compromised when RecBNuc is deleted. However, RecBC can only
interact with 3’ ssDNA up to 6 nt in length, even though RecBNuc is present16,33. This indicates
that the effects of RecBNuc that we observe require the presence of RecD. Based on comparisons
of the thermodynamics of DNA end binding by RecBCD/BΔNucCD and RecBC/BΔNucC, we
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propose an updated model to explain the potential roles of RecD and RecBNuc in regulating
RecBCD-DNA interactions (Figure 11). In this model of the RecBCD-DNA complex, RecBNuc
can exist in two conformations, ‘docked’ and ‘undocked’, (Figure 11A and B). All of the
RecBCD-DNA structures published to date4,30–32 show a docked conformation, in which,
RecBNuc is situated between RecD and RecC (Figure 11A). However, our cryo-EM studies in
Chapter 4 show that 37% of RecBCD-DNA complexes have RecBNuc undocked. Our structural
evidence indicating a dynamic RecBNuc domain is also consistent with previous studies
suggesting that RecBNuc has to undock from RecC in order to load RecA upon Chi recognition41.
A SAXS study also presented evidence for potential conformational changes associated with the
RecBNuc domain. However, our cryo-EM studies do not provide evidence for a unique alternative
docking site for RecBNuc on RecBCD42. Based on our thermodynamic studies, it is possible that
the docked RecBNuc promotes a RecBCD conformation where the RecC channel becomes
accessible to long 3’ ssDNA tails (Figure 11A). The undocked RecBNuc would promote a
conformation where the RecC channel is closed (Figure 11B). Judging from the fact that
unfavorable entropic contributions result in a decrease in binding affinities to 3’-dTn when n
increases beyond 6 for both RecBCD and RecBΔNucCD, a 3’ ssDNA loop may still form upon
binding both proteins. The extended interactions with 3’ ssDNA tails up to 17-18 nucleotides
covers the chi-recognition site in RecC7,8,32. Our proposal for how RecBNuc affects RecBCD
interactions with 3’ ssDNA tails could provide a potential mechanism for how Chi recognition is
regulated during DNA unwinding. In the docking mode, the RecC channel is accessible to
3’ssDNA and allows for scanning of Chi sequences. Recognition of Chi sequence causes
RecBNuc to undock which causes conformational changes in the RecC channel causing the
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3’ssDNA tail to become ‘stuck’. This results in a 3’ssDNA loop, as previously proposed9, that
can be extruded from the interface between RecB and RecC.
It is important to point out that the presence of RecD promotes, but most likely does not
ensure a docked RecBNuc. This is evident from our cryo-EM structural studies (Chapter 4), which
show that 36.8% of the RecBCD-blunt dsDNA complexes observed do not show evidence for
RecBNuc in its docked position. This suggests that RecBCD exist in a mixture of both RecBNuc
docked and undocked conformations. This heterogeneity may explain the observations in single
molecule studies that individual molecules of RecBCD unwind DNA with different rates43 and
only recognize a Chi sequence stochastically with a probability of 30-40%9,44.
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*ITC could not detect heat from RecBΔNucCD binding to 5’-dT10. However fluorescence
competition titrations indicate that binding between RecBΔNucCD and 5’-dT10 do occur. The
equilibrium binding constant for 5’-dT10 listed here is taken from Table 2 of the corresponding
fluorescence experiment, in order to calculate ΔG0 and TΔS0, which were plotted in Figure 5.
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Figure 1. RecBNuc is far away from the DNA interaction site in RecBCD-DNA complex
structures.
(A) - Cross-section view of a crystal structure4 of RecBCD in complex with a
blunt-ended 19 bp hairpin DNA. The red circle highlights the position of RecBNuc in the crystal
structure. The figure is adapted from Dillingham and Kowalczykowski44. (B) - Only the RecB
subunit and the DNA from the crystal structure4 in (A) are shown using UCSF Chimera. RecB
motor domains are colored in red, the DNA substrate in yellow and RecBNuc in magenta. (C) Rendering of RecB∆Nuc and DNA after removal of RecBNuc (930-1180) from the crystal structure,
leaving the RecB motor domain and the linker connecting RecBNuc to RecB motor intact.
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Figure 2. RecBΔNucCD forms a stable monodisperse heterotrimer in solution with 100% in
DNA binding activity. Deletion of RecBNuc results in a decrease in MW for RecB from 134 to
104 kDa. (A) - An 8% SDS- PAGE of our RecBΔNucCD prep showing all three subunits and with
RecBΔNuc running at the expected MW. (B) - c(s) distributions from sedimentation velocity
experiments monitoring absorbance at 230nm of RecBΔNucCD (200nM) (blue), RecBCD
(200nM) (red) and a 1:1 mixture of RecBCD (200nM) and RecBΔNucCD (200nM) (green) in
Buffer M50-10, 25°C. c(s) distributions show single symmetric peaks for RecBCD (red line)
with s= 11.4S, RecBΔNucCD (blue) with s= 10.5S. A much broader c(s) peak is observed for the
RecBCD/RecBΔNucCD mixture (green) with s=11.0S. (C) - RecBΔNucCD binding to a Cy3
labeled Reference DNA (see Table 1) (20nM and 40nM) in Buffer M50-10, 25°C showing
stoichiometric (high affinity) binding. The resulting increase in Cy3 fluorescence is plotted as a
function of [RecBΔNucCD]/[DNA]. Solid lines are extrapolations of the linear parts of the titration
curves. The dashed line shows the intersection of these linear regions indicating that two
RecBΔNucCD molecules bind to each DNA (one per end).
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Figure 3. RecBΔNucCD binds to DNA ends with higher affinities than RecBCD in the
absence of Mg2+ in 275mM NaCl (Buffer M275-0, 25°C). (A) - Binding isotherms obtained
from equilibrium fluorescence titrations where Reference DNA (10 nM) in Buffer M200-0, 25°C
was titrated with RecBCD (solid squares) or RecBΔNucCD (open squares). Solid lines are NLLS
fits using equation (2) (Materials and Methods). Binding of RecBΔNucCD to Reference DNA was
too tight to be accurately measured yielding only a lower limit of KBΔNucCD>2x109M-1. The best
fit value of the equilibrium binding constant for RecBCD to one DNA end of the Reference
DNA was KBCD=7.2(±0.3)x107M-1. (B) - Equilibrium fluorescence titrations where Reference
DNA (10 nM) was titrated with RecBCD (solid squares) or RecBΔNucCD (open squares) in buffer
M275-0, 25°C (275 mM NaCl) yielding KBΔNucCD=2.5(±0.1)×108M-1 and KBCD=5.1(±0.1)×107M1
. (C-F) - Examples of competitive titration experiments performed in Buffer M275-0, 25°C.
RecBΔNucCD was titrated into Cy3 labeled Reference DNA (5nM) (solid triangles) or a mixture
of Reference DNA (5 nM) and (C) - 3’-dT4 DNA (10nM), (D) - 3’-dT8 DNA (10nM), (E) - 5’dT8 DNA (20 nM), (F) - 5’-dT10 DNA (20 nM), plotted as empty triangles. The two binding
isotherms in each panel were simultaneously fit by NLLS analysis using equation (1) and (3) as
described in Material and Methods, yielding Kref = 2.6(±0.1)×108M-1 for C, 2.7(±0.1)×108M-1 for
D, 2.5(±0.1)×108M-1 for E and 2.6(±0.1)×108M-1 for F. The analysis also yielded equilibrium
constants for RecBΔNucCD binding to unlabeled DNA ends, KBΔNucCD (see Table 2). (G)KBΔNucCD values for RecB∆NucCD binding to 3’-dTn (blue squares). (H)- KBΔNucCD values for
RecB∆NucCD binding to 5’-dTn (blue squares). The values for RecBCD binding to the same DNA
ends (Chapter 2) are also shown (red squares).
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Figure 4. RecBΔNucCD binds to DNA with higher affinity than RecBCD in the presence of
10 mM MgCl2 at high [NaCl] (Buffer M275-10, 25°C). Fluorescence competition titration
experiments for RecBΔNucCD, binding to single tailed 3’-dTn or 5’-dTn DNA substrates were
performed in the presence of Mg2+ (Buffer M275-10, 25°C). KBΔNucCD for RecBΔNucCD binding
to (A)- 3’-dTn DNA ends and (B) - 5’-dTn ends (blue squares). The values for RecBCD binding
to the same DNA ends (Chapter 2) are also shown (red squares). (C)- Plot of the ratios of
KBΔNucCD /KBCD for 3’-dTn DNA ends (empty red squares) or 5’-dTn DNA ends (empty blue
squares).
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Figure 5. ITC experiments of RecBΔNucCD binding to 3’-dTn or 5’-dTn substrates.
(A-D) - Results from ITC experiments performed in M275-10, 25°C (Material and Methods) (A)
- Titrating 730nM RecBΔNucCD with 7µM 3’-dT6; (B) - 570nM RecBΔNucCD with 5µM 3’-dT15;
(C) - 590nM RecBΔNucCD with 5µM 5’-dT4 and (D) - 590nM RecBΔNucCD with 5µM 5’-dT20.
The heat from each injection normalized to the amount of DNA titrated was plotted as a function
of [DNA]/[RecBΔNucCD] as solid squares. The solid lines are the best NLLS fit (Materials and
Methods), yielding values of KBΔNucCD and ΔHobs. (E) - ΔG0 values calculated from ΔG0= RTlnKBΔNucCD, plotted vs dT tail length. TΔS0 values (green bars) obtained from ΔG0=ΔHobsTΔS0 and ΔHobs (red bars) for (F) - 3’-dTn DNA ends and (G) - 5’-dTn DNA ends. The
thermodynamic profiles obtained from these experiments are summarized in Table 3.
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Figure 6. RecBΔNucCD binding to DNA ends are driven by more unfavorable (positive)
enthalpy but also more favorable (positive) entropic contributions than RecBCD at M27510 25°C. The ΔHobs and TΔS0 components of RecBCD and RecBΔNucCD binding to 3’-dTn or 5’dTn are compared. We defined ΔΔH =ΔHBΔNucCD - ΔHBCD and TΔΔS0=TΔS0BΔNucCD-TΔS0BCD.
ΔΔH and TΔΔS0 for 3’-dTn are plotted against 3’ dT tail lengths in panel (A) and (B)
respectively. ΔΔH and TΔΔS0 for 5’-dTn are plotted in panel (C) and (D) respectively.
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Figure 7. RecBNuc deletion affects RecBCD interactions with DNA ends of dTndTn
substrates where n≥15. ITC experiments were performed where RecBΔNucCD was titrated with
dTndTn substrates in Buffer M275-10, 25°C. The ΔHobs of these experiments are plotted against
dT tail lengths. ΔHobs from the same experiments using RecBCD and RecBD1080ACD (Chapter 2)
are also presented here as empty red or solid red circles respectively.
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Figure 8. RecBΔNucCD binds to blunt-ended DNA stoichiometrically in the absence of Mg2+
at low [NaCl]. RecBCD (A), RecBD1080ACD (B) or RecBΔNucCD (C) was titrated with bluntended DNA substrate in a series of ITC experiments at 50mM NaCl (Buffer M50, 25°C), under
various [MgCl2]. Best fit (Material and Methods) values of K, ΔH and TΔS0 for each experiment
are listed below the corresponding panel. K>2x109M-1 indicates a lower limit of K, where K is
too high to be accurately measured. In such cases, TΔS0 cannot be determined.
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Figure 9. Mg2+ enhances RecBCD binding to blunt-ended DNA but not for RecBΔNucCD in
150mM NaBr. ITC experiments were performed where RecBCD (panel A) or RecBΔNucCD
(panel B) was titrated with blunt-ended DNA in Buffer M, 25°C, containing 150mM NaBr, and
in the absence or presence of 10mM MgCl2, as indicated in the figure. In panel A, K increased
by almost an order of magnitude when MgCl2 is present, whereas K for RecBΔNucCD (panel B)
remains the same, within error, in the absence and presence of 10mM MgCl2.
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Figure 10. Deletion of RecBNuc alters how RecBCD specifically interacts with Na+ and the
amount of Na+/Cl- released upon DNA binding. A series of ITC experiments of RecBΔNucCD
titrated with blunt-ended DNA was performed in Buffer M, 25°C, containing various [NaCl] as
indicated and in the absence of Mg2+. The resulting ΔG0 (black bars), ΔHobs (red bars), TΔS0
(green bars) are plotted against [NaCl] in panel A. ITC experiments performed at 30, 50 and
100mM NaCl showed stoichiometric binding between RecBΔNucCD and DNA, thus K, ΔG0 and
TΔS0 cannot be determined for those experiments, as highlighted by the blue square with the
‘stoichiometric binding’ label. Data from the same experiments using RecBCD (from Chapter 2)
is also presented for comparison. logK vs log[NaCl] from experiments in A were plotted in panel
B. Linear fit shows a slope = - 1.6±0.2 for RecBΔNucCD, whereas two different slopes can be fit
for logK/log[NaCl] for RecBCD, with a slope= 1.6±0.2 between 30-100mM NaCl and the other
slope= -2.3±0.4 for 100-275mM NaCl (as described in Chapter 2). The thermodynamic profiles
from these experiments for RecBΔNucCD are also summarized in Table 4.
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Figure 11. Cartoon models of different conformations of RecBCD-DNA complex. Panel A
represents the ‘docked’ conformation where RecBNuc stays bound to RecC, which could allow
channels within RecC to open and interact with long 3’ ssDNA. Alternatively, in an ‘undocked’
conformation in panel B, RecBNuc leaves the canonical site on RecC. In this case the channel in
RecC may become closed and the protein cannot interact with long 3’ ssDNA anymore.
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Chapter IV
Cryo-EM structures of RecBCD and RecBCD-DNA complex reveal
conformation heterogeneities and melting of at least 11bp from a
blunt DNA end
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Abstract
E. coli RecBCD is a hetero-trimeric helicase/nuclease protein complex that plays crucial
biological functions in homologous repair of double stranded DNA breaks and in defense against
foreign DNA. RecBCD is a rapid and processive DNA helicase that binds to and unwinds
dsDNA from dsDNA ends. However, much of the details of RecBCD-DNA binding and
formation of a DNA unwinding competent initiation complex remain unclear. Here we present
cryo-EM studies of RecBCD and RecBCD in complex with a 60 base pair blunt-ended dsDNA.
We observe significant conformational heterogeneities particularly associated with the RecD
subunit and the RecB nuclease domain (RecBNuc), when RecBCD is DNA free. In particular,
56% of the RecBCD molecules show a complete absence of density for the RecB nuclease
domain, RecBNuc, and all of the RecBCD molecules show only partial density for RecD.
Ensemble experiments indicate that our RecBCD samples were monodisperse and intact heterotrimers, hence the weak densities observed for RecD and RecBNuc are due to averaging of
conformationally heterogeneous molecules. DNA binding significantly reduces these
conformational heterogeneities, with 63% of the molecules showing density for both RecD and
RecBNuc. These results indicate that the RecBNuc domain is dynamic and influenced by DNA
binding. The major RecBCD-DNA structural class also shows that RecBCD can melt at least 11
base pairs upon binding a blunt DNA end, significantly more than observed in previous
structural studies. This result is consistent with our thermodynamic studies detailed in Chapter 2
and suggests that the amount of DNA melted in the previous studies may have been limited by
the length of the dsDNA substrates used. However, a second RecBCD-DNA structural class in
which the RecBNuc domain is not observed shows melting of only four base pairs. Our results
also suggest a potential mechanism to explain the dramatic differences in DNA binding and
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DNA unwinding exhibited by RecBΔNucCD and RecBCD, detailed in Chapter 3 and in previous
studies by Simon et al.1. We propose that RecBNuc exerts long-range allosteric effects on
RecBCD-DNA binding through linker-linker interactions between RecB and RecC subunits.

Introduction
E. coli RecBCD is a hetero-trimeric helicase nuclease complex that plays important roles
both in repair of double-stranded DNA breaks in the host chromosome and as a defense
mechanism in degrading foreign DNA. The current view of RecBCD function is that RecBCD
binds and initiates DNA unwinding from a DNA end2,3. The unwound single stranded DNA,
both 3’ and 5’ ended, are degraded by the nuclease activity of RecBCD. RecBCD unwinds DNA
rapidly with an average processivity of 30 kilobase pairs. During unwinding, RecBCD can
recognize an eight nucleotide sequence in the 3’ to 5’ direction, 5’-GCTGGTGG-3’, known as
the crossover hotspot instigator (Chi) sequence4,5. Upon Chi recognition, RecBCD switches from
the destructive mode to a repair mode such that the 3’ strand is no longer degraded. Instead, postChi RecBCD loads RecA onto the 3’ strand, allowing strand invasion and subsequent repair by
homologous recombination. The Chi sequence is overrepresented in the E. coli genome6,7. Thus
it not only regulates complex enzymatic activities of RecBCD, but also serves as a mechanism
for it to distinguish between foreign DNA vs the E. coli own genome.
RecBCD possesses two DNA motor (ATPase) subunits, RecB and RecD, and a
regulatory subunit RecC (Figure 1). RecB is a super family 1A (SF1A) helicase that translocates
from 3’ to 5’ along ssDNA8–10. It consists of an N-terminal motor domain and a C-terminal
nuclease domain that are connected by a ~70 amino acid long linker. The 1A and 2A subdomains
of the RecB motor (RecB1A, RecB2A) contain the conserved helicase motifs that are responsible
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for ATPase activity11–15 (Figure 1B and 1C). The RecB 2B subdomain (RecB2B) makes extensive
interactions with RecC10,16–18 and has been shown to play important regulatory roles in other SF1
helicases19–26. The RecB 1B subdomain, also known as the RecB arm domain (RecBArm) extends
towards and interacts with the duplex region of the DNA substrate10,16–18. RecBArm has been
shown to be important for DNA unwinding1. RecD, on the other hand, is a super family 1B
helicase that translocates from 5’ to 3’ along ssDNA8–10. Within the RecBCD complex, the two
motors operate on the complementary strands of the DNA to move in the same net direction
during DNA unwinding. RecD also possesses the conserved ATPase motifs, 1A and 2A (Figure
1C) that are responsible for helicase activity11–15. The N terminal domain of RecD makes
interactions with RecC and binds to the RecC 2B subdomain within RecBCD-DNA structures10.
The RecD 2B subdomain contains an SH3 fold that is typically important for regulation of
proteins in eukaryotic signal transduction27–29. The 1B subdomain of RecD also interacts with the
RecC C terminal domain in RecBCD-DNA structures. While RecC does not possess any ATPase
activity, it bears remarkable structural similarity to RecB10,30 and possesses all the structural
equivalent subdomains of RecB10,30 (Figure 1C). The 1A and 2A subdomains in RecC have been
shown to contain residues responsible for Chi recognition that is pivotal for the biological roles
of RecBCD31,32.
RecBC33,34 as well as RecBCD35 also possesses a secondary translocase activity that is
driven by the RecB ATPase motor. Although discovered as an ssDNA translocase activity33, this
activity appears to reside within the RecBarm domain and may well be a double stranded DNA
translocase activity.
Since Chi recognition leads to substantial changes in a number of enzymatic activities of
RecBCD, it is expected to elicit conformational changes within the protein complex. Single
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molecule studies have shown that RecBCD pauses for ~ 3 seconds upon recognizing a Chi
sequence3,36. Before Chi recognition, RecBCD translocates with asymmetrical rates, with
translocation along the 5’-ended DNA being faster3,9,35. However, after Chi recognition,
translocation along the 3’-ended DNA strand becomes faster, although the overall unwinding
rate of RecBCD decreases by about 50%3,36. This has led to the proposal that the RecD motor is
the lead motor before chi, but after Chi recognition, a switch occurs so that RecB becomes the
lead motor3,9,35. Before Chi recognition, the nuclease domain with a single nuclease site37,38,
degrades both the 3’ and 5’ ended unwound ssDNA. Post Chi recognition, only the 5’ ended
ssDNA is degraded39–41. The nuclease domain has been shown to interact with RecA and is
thought to be responsible for loading RecA protein onto the 3’ strand after Chi recognition42.
Since the region of RecBNuc that interacts with RecA is buried and not accessible in the
RecBCD-DNA crystal structure (Figure 1A), it has been hypothesized42 that RecBNuc must
transiently leave its “docked” site on RecC, in order to interact with RecA. A recent study also
suggests that DNA binding alone can trigger a RecBNuc conformational change and proposed that
RecBNuc moves to an alternative docking site43.
Another important aspect of the RecBCD-DNA structure reported by Singleton et al.10 is
that 4 base pairs of the blunt-ended DNA substrate are observed to be separated or “melted”
(Figure 1B). This indicates that it is thermodynamically favorable for RecBCD to melt dsDNA
base pairs from a blunt DNA end in the absence of ATP. Using KMnO4 footprinting, Farah and
Smith44 first showed that RecBCD can melt 5-6 bp at a blunt DNA end in a reaction that requires
Mg2+, but not ATP. Studies from our lab have also shown that in the absence of the RecD
subunit, RecBC appears able to melt 6 bp from a blunt DNA end45,46. Interestingly, in a
subsequent structural study, Saikrishnan et al. observed that RecBCD was able to melt 6 bp from
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a 21 bp DNA end possessing a 5’(dT)4 overhang27. They hypothesized that the amount of bp
melting observed in the initial crystal structure was limited by the short 19 bp length27. However,
since chemical protection studies suggested a footprint for 19-23 bp for RecBCD44, even a 21 bp
dsDNA could still limit the number of bp that can be melted by RecBCD. Recent singlemolecule studies indicate that RecBCD can undergo conformational fluctuations when bound to
DNA ends possessing long ssDNA overhangs (10 nucleotides or more), and these are coupled to
transient DNA melting47,48.
Here we present cryo-EM structures of RecBCD and a complex of RecBCD bound to a
60 bp blunt-ended duplex in the presence of Mg2+, but the absence of ATP. These structures
show significant conformational heterogeneities, particularly in the RecD subunit and RecBNuc.
These conformational heterogeneities are substantially reduced by DNA binding, resulting in
much more ordered RecD and limits RecBNuc from leaving its known binding site on RecC. One
class of RecBCD-DNA structures also indicates that RecBCD can melt at least 11 bp upon DNA
binding. This supports our conclusions from our thermodynamic studies detailed in Chapter 2.

Methods and Materials
Protein purification
RecBCD was expressed and purified as detailed in Chapter 2 and Simon et al1. RecBCD
concentrations were determined by absorbance at 280nm using an extinction coefficient of49
ε280=4.5×105M-1cm-1 in 20mM potassium phosphate buffer, pH6.8, 0.1mM β-mercaptoethanol,
0.1mM EDTA, 10% (v/v) glycerol. RecBCD samples were shown to contain all three intact
subunits by denaturing polyacrylamide gel electrophoresis and to be monodisperse as evident by

147

a single symmetric peak in a c(s) analysis of an analytical sedimentation velocity experiment as
described in Chapter 2.
DNA substrate
A blunt-ended 60 bp duplex DNA substrate was used in this study. The sequence of the
DNA is given in Table 1. The ssDNA strands were synthesized using a MerMade 4 synthesizer
(Bioautomation, Plano, TX) with phosphonamidite reagents (Glen Research, Sterling, VA) and
purified as described50. The concentrations of the ssDNA strands were determined
spectrophotometrically and the dsDNA substrate was formed by annealing the ssDNA strands as
described in Chapter 2.
Cryo-EM sample preparation and imaging
For preparation of cryo-EM grids, RecBCD was extensively dialyzed vs. a buffer
containing 20mM Tris, pH 7.4, 50mM NaCl and 4mM MgCl2. RecBCD was concentrated to
10µM (determined spectrophotometrically) using Vivaspin 500 centrifugal concentrators
(Sartorius Stedim Biotech, NY) followed by centrifugation to remove any insoluble material.
RecBCD-DNA complexes were formed by adding the blunt-ended dsDNA substrate (in the same
buffer as RecBCD) to a final concentration of 15µM and allowed to incubate on ice for at least
15 minutes. Right before grid preparation, amphipol A8-35 (Anatrace, OH) was added to a final
concentration of either 0.025% or 0.0125% for both RecBCD and RecBCD-DNA samples.
Ultimately, the datasets of RecBCD with 0.025% and RecBCD-DNA with 0.0125% amphipol
were used for data acquisition and analysis due to better quality of the grid preparations.
Grids were prepared and imaged by Michael Rau at the Center for Cellular Imaging in
Washington University in St. Louis (WUCCI). Immediately after addition of amphipol, 3µl of
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RecBCD or RecBCD-DNA solution was applied to holey carbon grids (Quantifoil R2/2
300mesh) that were plasma cleaned. The grids were blotted using FEI Vitrobot Mark IV (FEI) at
100% humidity for 2s and plunge-frozen into liquid ethane. The prepared grids were imaged
using a Titan Krios (FEI) G3 electron microscope operating at 300kV with a Gatan K2-Summit
detector (Gatan) on the end of a BioQuatum 968 GIF quantum energy filter (Gatan) using a slit
width of 20 eV. Images were recorded with EPU software (ThermoFisher Scientific) with a pixel
size of 1.1 Å and a nominal defocus range of -1.0 to -2.5µm. Data was collected with a dose rate
of 1.65 electron per Å2 per frame.
Image processing and model building
The image processing workflows are summarized in Figure 2 and Figure 8. The RecBCD
and RecBCD-DNA datasets were processed similarly with mostly the same parameters.
Corrections for beam-induced motion and dose weighting were performed using MotionCorr251.
The contrast transfer function (CTF) was determined using GCTF52. Gautomatch53 was used for
automated particle picking. Extracted particles were subjected to two rounds of two-dimensional
(2D) classification using a particle box size of 250 pixels. 2D classes that exhibit high quality
secondary structure features were manually selected and further processed in the second round of
2D classification. The resulting particles were used to generate a de novo three-dimensional (3D)
initial model using Relion 354. 3D classifications were carried out using the initial model as a
reference map. For RecBCD, 3D classification produced 3 structural classes of RecBCD
particles with a total of 140162 particles. Poorly aligned particles were discarded. 3D refinement
and post-processing were carried out for each of the three classes, resulting in an overall
resolution of 3.7Å for the major class and 4.2Å and 4.3Å for the other two (Figure 4). For
RecBCD-DNA, 3D classification produced 2 classes of high quality RecBCD-DNA particles. 3D
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refinement and post-processing produced maps with overall resolutions of 3.6Å and 4.5Å (Figure
10). Relion 354 was used to calculate local resolutions.
A model of RecBCD in complex with dsDNA from another cryo-EM study (PDB 5ld2)17
was used as a template for model building for both our RecBCD and RecBCD-DNA structures.
It was first fit into our cryo-EM maps using UCSF Chimera55. An initial round of rigid body
refinement was performed using PHENIX56, followed by cycles of real_space_refine in
PHENIX56 and model building in COOT57. Structural figures were made using UCSF
ChimeraX58.

Results
RecBCD hetero-trimer shows significant conformational heterogeneity particularly in the
RecD subunit and the RecBNuc domain
To date, the only reported structures of RecBCD have been complexes with DNA. Hence,
we wished to examine structures of RecBCD alone to compare with the RecBCD-DNA
structures. We purified RecBCD hetero-trimer to homogeneity following protocols described
previously (Chapter 2 and Simon et al., 20161). Using denaturing gels and sedimentation velocity
experiments we verified that all three full length subunits of RecBCD were present in our
samples and that our RecBCD samples sediment as a single species without contamination from
(RecBCD)2 (hexameric form of RecBCD, discussed more in Chapter 2 and previous studies1,59).
We conducted these routine quality tests on our RecBCD preps over a range of [NaCl], [MgCl2]
and pH that covers the solution conditions used for our cryo-EM studies. Both negative stain
electron microscopy and initial cryo-EM experiments of vitrified RecBCD showed a visually
homogenous field of molecules confirming our observations from ensemble experiments. Our
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initial cryo-EM experiments were conducted in 50mM MOPS, pH7.0, 50mM NaCl, 4mM
MgCl2, but resulted in an insufficient number of orientations of RecBCD molecules that
prevented a full 3D reconstruction of cryo-EM density maps. We then switched buffer to 20mM
Tris pH 7.4, 50mM NaCl and 4mM MgCl2, with amphipol added to the sample, immediately
before vitrification, to a final concentration of either 0.0125% or 0.025%. These conditions are
similar to those used by Wilkinson et al., in a previous cryo-EM study of a RecBCD-DNA
complex17. A large data set of 2353 movies were recorded. From this, a particle picking
algorithm (gautomatch53) was used to extract images of RecBCD. 2D and subsequently 3D
classifications were made using relion354 leading to the identification of a total of 14016
RecBCD particles representing 3 structural classes (Figure 2, See Material and Methods for
more details).
3D cryo-EM density maps were reconstructed for these three structural classes through
global refinement using relion354 (Figure 3 and 4) at resolutions of 3.7Å for Class 1 (61888
particles in the final map), 4.2 Å for Class 2 (30267 particles in the final map) and 4.3Å for Class
3 (48007 particles in the final map). Density maps for each class were reconstructed with a large
number of particles representing different orientations of the protein complex (Figure 4C, F and
I). Estimates of local resolution (Figure 4A, D and G) show high resolution of the core of the
protein complex in each class but lower resolution especially at parts of RecB and RecD
indicating potential conformational flexibility that is discussed in more detail below.
The most striking differences among the three classes of RecBCD structures are in the
densities representing RecBNuc, and most of the RecD subunit (Figure 3). In Class 1, densities for
RecBNuc, RecBLinker and RecBLinker are clearly evident. However, most of the RecD subunit
shows only weak density (Figure 3A). In Class 2, densities for the RecBNuc and RecBLinker are not
151

evident. Stronger map density is evident for the RecD subunit than in Class 1, however the half
of RecD corresponding to RecD2A and RecD2B still shows weak density (Figure 3B). In Class 3,
densities for both RecBNuc/BLinker and the majority of RecD are not evident. As mentioned above,
we routinely perform denaturing gel electrophoresis and analytical sedimentation velocity
experiments to verify the homogeneity and quality of our RecBCD samples. Hence we are
confident that there is no partial degradation of the RecBCD protein subunits or subunit
dissociation. Consistent with this, we observe strong density that corresponds to the N-terminal
domain of RecD in both Class 1 and Class 3 RecBCD structures even though the majority of
RecD density is missing (Figure 3, 4 and 5C). This suggests that the low density observed for the
RecD subunit is due to conformational flexibility rather than averaging of RecBCD and RecBC
if some RecD had dissociated. However, while our ensemble experiments verified the integrity
of the RecBCD sample, the densities for the RecBNuc/BLinker regions were either fully evident
(Class 1) or not observed at all (Class 2 and 3) in an all-or-none fashion. We never observe
partial density for RecBNuc in any of the structural classes. This suggests that the entire
RecBNuc/BLinker region is either docked in a position as shown in Class 1 or undocked and
dynamic, adopting an ensemble of conformations. Such conformational flexibility of the RecBNuc
domain has been suggested in earlier studies36,43,60 and is consistent with the different structural
classes evident in the current study. However, we did not observe any RecBCD structures that
showed an alternative stable docking site of the RecBNuc different from the position observed in
the Class 1 structure as has been proposed43. Our results indicate that RecBCD exists in an
ensemble of different conformational states in solution. The RecD subunit and RecBNuc domain
display particularly high conformational heterogeneity.
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Comparison of Class 1 and Class 3 structures suggest a potential mechanism for the
allosteric effects of the RecBNuc domain.
Figure 6 shows the atomic model of RecBCD built from the Class 1 density map (Figure
5A, Table 1) with the RecB and RecC subunits colored based on their equivalent domains
(Figure 5B). RecB possesses 5 domains that can be clearly identified in this structure. The 1A
and 2A subdomains of RecB contain the well-conserved residues required for ATPase
activity13,35. The 1B subdomain, also referred to as the arm domain, has been suggested to play
an important regulatory role in dsDNA unwinding by RecBCD1. The RecB 2B subdomain fits
into a cavity created by RecC (Figure 5) and interacts extensively with the Rec 2B subdomain.
The motor domains of RecB is connected to the C-terminal nuclease domain (Figure 5B
magenta) by a ~70 amino acid linker. It has been recognized previously that while RecB and
RecC do not share sequence homology, they show significant structural similarity10,16,30,61. RecC
possesses all structurally equivalent domains of RecB while lacking key conserved residues for
either ATPase or nuclease activities. The RecC domains are colored in the same fashion as the
RecB domains of RecB in Figure 5B. The RecC equivalent of the 1A and 2A subdomains, while
they do not possess ATPase activity, have been shown to be important for recognizing the Chi
sequence in ssDNA13,32. The “dead” motor domain of RecC is linked to its C terminal domain
via a long linker (Figure 5B yellow). The C terminal domain of RecC and its 2B domain form a
hole, where the 2B subdomain of RecB (cyan) is situated. The C terminal domain of RecC is
structurally similar to RecBNuc, but also contains an α helical domain that does not have a
structural homologue in RecB. This domain harbors the so-called pin domain discussed in
previous structural studies10,17,18,27. Density corresponding to the N-terminal domain of RecD can
be clearly observed and represents the same conformation as shown in previous structural studies
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where the entirety of RecD can be resolved (Figure 5C)17. More detailed discussions of the
functions and past works on different domains of RecBCD subunits can be found in the
Introduction section.
Detailed comparisons between the Class 1 and Class 3 structures (Figure 6) show more
conformational differences in addition to the RecBNuc/BLinker and RecD regions. Conformational
shifts are observed in the RecC C-terminal domains (Figure 6A), RecB2A (Figure 6B), RecC2B
(Figure 6C) and RecB2B (Figure 6D). On the other hand, the RecC N-terminal domain shows
little difference between these two classes. Our results indicate a global conformational
difference between the Class 1 and Class 3 structures. Since the N-terminal domain of RecD
interacts with RecC2B, the conformational shift of RecC2B is also associated with a change in the
positioning of the RecD N-terminal domain. However, due to the lack of RecD density in our
maps, we cannot visualize any difference in RecD between the two classes.
We noticed a particularly interesting region of the density map between Class 1 and Class
3 that is highlighted in Figure 6E and F. As shown in Figure 6E, in Class 1 where the
RecBNuc/BLinker density is present, the density of the equivalent RecC linker is also clearly
evident. However, in Class 3 (Figure 6F) where the RecBNuc/BLinker density is missing, the
equivalent RecC linker shows only very weak density. This suggests the existence of potential
interactions between the two linkers of the RecB and RecC subunits. Since the RecC linker is
connected to the C-terminal domain of RecC, the conformational differences between Class 1
and Class 3 structures in the RecC C-terminal domain could be a result of the RecC linker being
released or more dynamic in the Class 3 structures. The differences between the RecBNuc/BLinker
densities in the Class 1 and Class 3 structures and the global conformational differences suggest
a structural basis for the many different effects that deletion of RecBNuc has on RecBCD-DNA
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interactions (Chapter 3 and Simon et al., 20161). The linker-linker interactions we observe here
could be a potential mechanism for how RecBNuc achieves its long range allosteric effects.
Comparison of Class 2 and Class 3 structures suggests regulation of the RecC C-terminus
via interactions with the 1B subdomain of RecD.
We also compared the Class 2 and Class 3 structures in detail. As highlighted in Figure
8A-C, the conformational differences between Class 2 and Class 3 are more local and more
subtle than those between Class 1 and Class 3. We observed conformational shifts in the RecC
C-terminal domain (Figure 8A, 8B) and in the RecB 2B subdomain (Figure 8A, 8C). In the Class
2 structure, where more RecD density is evident, the RecC C-terminal domain is further shifted
towards the RecD subunit (Figure 8B). While there are still differences between the RecB 2B
subdomains in these two classes, they are more subtle (Figure 8C). No other conformational
differences are observed between these two classes. Interestingly, densities for both RecBNuc and
RecBLinker are not observed in either Class 2 or Class 3 structures (Figure 8D). The RecC linker
region also shows very weak density in these classes (Figure 8D). Despite this, we observe
conformational shifts in the RecC C-terminal domain. Figure 8A shows that while both Class 2
and Class 3 structures have RecBNuc and RecBLinker undocked (Figure 3B and 3C), there are still
conformational shifts in the RecC C-terminus and the RecB 2B subdomain. We suggest that this
conformational shift may result from interactions between the RecC C-terminus and the RecD
1B subdomain (Figure 8E). This may provide a potential mechanism for how RecD exerts its
allosteric effect on the RecBCD-DNA interactions as discussed in Chapter 2.
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DNA binding promotes RecBNuc docking and reduces RecD conformational heterogeneity.
To understand how DNA binding may affect the conformation of RecBCD we conducted
cryo-EM experiments on a RecBCD-DNA complex. For these experiments, a 60bp blunt-ended
duplex DNA (Figure 8A) was used and mixed with RecBCD at a [DNA]:[RecBCD] ratio of
1.5:1. Since RecBCD can bind each DNA end, this is equivalent to a 3:1 ratio of [DNA ends] to
[RecBCD]. This is the same DNA substrate that we used in our thermodynamic studies of
RecBCD binding to blunt ended DNA (Chapter 2). In those studies we observed independent
binding of RecBCD to both ends of this DNA substrate with indistinguishable thermodynamic
parameters (Chapter 2). This indicates that despite the sequence differences (7 vs. 5 GC base
pairs out of first 10 base pairs on either end of the dsDNA), no preference was observed for
RecBCD binding to one DNA end over the other over a range of [NaCl] and [MgCl2] conditions.
The conditions used in the current cryo-EM study (20 mM Tris pH 7.4, 50 mM NaCl, 4 mM
MgCl2) differ only slightly from those used in the thermodynamic studies (20 mM MOPS pH
7.0, 50 mM NaCl, 4 mM MgCl2). Under the cryo-EM solution conditions, RecBCD binds to this
DNA substrate stoichiometrically. The slight excess of DNA used in the cryo-EM experiments
ensures that all RecBCD molecules will be DNA bound.
As shown in Figure 8B, we applied the same workflow described in Figure 1 to the
RecBCD-DNA dataset and identified two classes of particles. The major class, Class 1, with
45202 particles (63.2% of all particles), was globally refined (Figure 9A) to a resolution of 3.6 Å
(FSC=1.43, Figure 10B). The minor class, Class 2 from 26265 particles (36.8% of all particles)
was globally refined (Figure 19B) to a resolution of 4.5 Å (FSC=0.143, Figure 10E). We did not
observe any structural class representing DNA-free RecBCD. This is consistent with our
expectation that all RecBCD is DNA-bound under the solution conditions and concentrations
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used. Local resolution estimates are consistent with the global resolution estimates and show
higher resolution for the majority of Class 1 compared to Class 2.
The Class 1 density map shows that all three subunits and domains of RecBCD are
evident (Figure 9A). In contrast, in Class 2, the density for most of RecD is weak and is
completely missing for RecBNuc/Blinker. As we reasoned earlier, the differences between Class 1
and Class 2 are not due to RecD dissociation or partial degradation of the protein. Rather, this
reflects conformational flexibility in the RecD and RecBNuc/BLinker regions, similar to what we
observed for RecBCD in the absence of DNA (Figure 3). However, in stark contrast to free
RecBCD, where only 44.2% of molecules show the presence of a docked RecBNuc (RecBCD
Class 1, total 61888 particles) and all three classes show weak density of RecD, the RecBCDDNA map shows a major class (63.2% of all particles) with RecBNuc/BLinker present and strong
RecD density. This suggests that DNA binding promotes docking of RecBNuc/Blinker to RecC and
reduces the conformational heterogeneity of RecD. On the other hand, we still observe a
significant population (36.8%) of RecBCD-DNA complexes with weak density for both RecD
and the RecBNuc/BLinker regions. Hence conformational heterogeneity is still evident in the DNAbound RecBCD complex.
We compare the Class 1 and Class 2 structures of RecBCD-DNA in detail in Figure 11.
We observe no conformational differences between the RecC C-terminal domains in the two
structures (Figure 11A) despite the fact that RecBNuc/BLinker and the majority of RecD showed
either no or very weak density in the cryo-EM map for Class 2 (Figure 9B and 10E). This is
different from our comparison between Class 1 and Class 3 of the DNA-free RecBCD structures
(Figure 6), even though the density corresponding to RecCLinker is missing in RecBCD-DNA
Class 2 (compare Figure 11C and 11D blue density). This suggests that the RecC C-terminal
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domain within the RecBCD-DNA complex may not be affected by the conformation of
RecCLinker and that DNA binding can stabilize the RecC C-terminal conformation.
On the other hand, the RecB 2A subdomain in the Class 2 RecBCD-DNA structure in
Figure 11B (yellow) is shifted slightly away from the rest of the protein complex compared to
that of Class 1 (Figure 11B light blue). We observed similar differences in the RecB 2A
subdomain between the Class 1 and Class 3 structures of DNA-free RecBCD (Figure 6). Our
results here suggest the possibility that the docking of RecBNuc affects the relative positioning of
the RecB 2A subdomain.
RecBCD melts at least 11bp upon binding to a blunt dsDNA end
In our RecBCD-DNA Class 1 structure, we observe density corresponding to an 11
nucleotide 5’ ssDNA tail, spanning almost the entire RecD subunit (Figure 12A). Unfortunately,
due to the fact that the DNA substrate used in this study (Figure 8A), has slightly different
sequence at each end the exact sequence of this DNA strand could not be identified. Hence we
can only conclude that a minimum of 11 bp is melted in this complex. It could potentially be
more if some of the ssDNA is disordered. This amount of duplex DNA melting is much larger
than the 4 bp melted that was reported in a crystal structure of RecBCD-DNA complex by
Singleton et al10 . One major difference between our studies and those of Singleton et al. 10 is the
DNA substrate used. Singleton et al. 10 used a 19 bp DNA hairpin with a blunt DNA end. It was
hypothesized by Saikrishnan et al. that the length of the hairpin DNA affects the binding of
RecBCD, limiting the amount of dsDNA that can be melted27. In fact, using a slightly longer 21
bp duplex, Saikrishnan et al. observed melting of a 6 bp region from a dsDNA end that also
possessed a 5’ (dT)4 overhang. However, it is possible that a 21 bp duplex is still too short to
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allow full melting of longer stretches of the duplex DNA. The 60 bp duplex DNA used in our
studies likely possesses no such limitation. We note that this 11 bp melted region is consistent
with our thermodynamic binding studies (Chapter 2) that suggested at least 11 bp and possibly
up to 17-18 bp can be melted by RecBCD.
For the 3’ ended ssDNA region, we only observe density corresponding to 4 nt. Since our
dsDNA possesses blunt ends, there must be at least 11 nt of 3’ ssDNA tail that are
complementary to the 11 nt 5’ ssDNA that is resolved. The lack of expected density
corresponding to a longer 3’ ssDNA tail indicates that the 3’ ssDNA tail between 4-11nt long is
flexible. We showed in Chapter 2 that no nuclease activity was observed for RecBCD binding to
blunt-ended DNA even in the presence of Mg2+, thus eliminating the possibility that RecBNuc is
degrading the 3’ ended DNA. In fact, the flexibility of the 3’ ssDNA end is also evident in a
recently published cryo-EM structure examining a complex of RecBCD and dsDNA containing
long pre-formed ssDNA region containing a Chi sequence18, where a substantial portion of the
molecules showed weak 3’ ssDNA density beyond 4 nt. One possibility is that the 3’ ssDNA is
unstructured because it exits the protein at the RecB-RecC interface.
For the Class 2 RecBCD-DNA structure, we only observe ssDNA density corresponding
to 4 nt on both the 3’ and 5’ ends (Figure 12B). The differences between the Class 1 and Class 2
structures could be a result of the poorly ordered RecD subunit in the Class 2 structure. However,
it is also possible that different amounts of DNA are melted in the two structures. It is entirely
possible that the extent of DNA melting is not homogeneous within the ensemble of RecBCDDNA complexes. In fact, heterogeneity of RecBCD-DNA interactions has been reported
previously36,62. Our current study is consistent with those previous reports and suggests that the
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engagement of RecD and DNA could be a contributing factor to such heterogeneity. This
possibility is discussed in more detail in the Discussion section.
Interestingly, the amount of duplex DNA that can be resolved in both classes of
RecBCD-DNA structures is ~15 bp. The remaining duplex region must be too flexible to be
resolved. This is the same length that was resolved in the two crystal structures10,27 and the cryoEM structure17 of RecBCD-DNA complexes. This appears to be the duplex DNA length that is
needed to reach and interact with the arm region of RecB.
Comparison of the major classes of RecBCD and RecBCD-DNA structures shows global
conformational changes upon DNA binding and suggests a mechanism for nuclease
activation.
We compared the major structural classes of RecBCD-DNA (Class 1) and RecBCD
(Class 1) (Figure 13). Both structures represent a conformation of RecBCD where the
RecBNuc/BLinker is docked. However, most of the density for the RecD subunit is weak in the
Class 1 structure of free RecBCD (Figure 3A and Figure 9A). These two structures also show
slight conformational shifts in a number of other domains, including the RecC C-terminal
domain (Figure 13A), RecB2B (Figure 13C) and RecC2B (Figure 13D). Interestingly, the RecB2A
domains overlay very well in the two structures (Figure 13B) despite its interaction with the 3’
ssDNA tail in the RecBCD-DNA structure. Density corresponding to the RecCLinker is evident in
both structures (Figure 6E and 11C), in fact, the RecB-RecC linker interactions are nearly
identical in these two structures (Figure 13E). These comparisons indicate that RecBCD
undergoes global conformational changes upon binding to a blunt DNA end.
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These structures also show that the position of RecBNuc is shifted away from RecC in the
RecBCD-DNA structure (Figure 14). Interestingly, the map density corresponding to a loop
(RecB909-930) in RecBNuc, while strong in the RecBCD structure (Figure 14A), is very weak in the
RecBCD-DNA structure (Figure 14B). This loop is located close to the nuclease active site of
RecBNuc and has been hypothesized to block DNA entry into the nuclease active site10,17. Our
results show that the shift of the RecBNuc position could release this loop from the interface
between RecC and the rest of RecBNuc. This could represent a mechanism by which the RecBCD
nuclease is activated upon DNA binding. Since our comparison shows that the RecB motor
domains and the RecB-RecC linker interactions are nearly identical in the RecBCD and
RecBCD-DNA structures (Figure 13B and E), the shift in RecBNuc may result from
conformational changes of the RecC 2B subdomain upon RecBCD-DNA binding.
We also compared the Class 1 RecBCD-DNA structure to the other two classes of
RecBCD structures. Figure 15 compares the RecBCD-DNA (Class1) and RecBCD (Class 3)
structures. Interestingly, despite the differences in RecD and RecBNuc/BLinker in these structures
(Figure 3C and Figure 9A), no conformational shift is observed for the RecC C-terminal domain.
Instead, there is a conformation shift in the RecBArm (Figure 15A) and in the RecC1A (Figure
15C). In addition, as mentioned before, we see a shift of RecB2A (Figure 15B), presumably
related to the undocking of the RecBNuc in the Class 3 free RecBCD structure (Figure 3C). The
rest of the protein in these structures superimpose very well.
A comparison of the Class 1 RecBCD-DNA structure and the Class 2 free RecBCD
structure shows yet another combination of conformational changes (Figure 16). Despite the
presence of strong RecD density in the Class 1 RecBCD-DNA structure, the RecC C-terminal
domain is positioned further away from RecD than in the Class 2 free RecBCD structure (Figure
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16A). Consistent with comparisons described earlier, a shift in the RecB 2A subdomain also
occurs in the RecBCD Class 2 structure where RecBNuc is not docked (Figure 16B). A
conformation difference also occurs in the RecB 2B subdomain (Figure 16C), however, the
RecC 2B subdomains show little difference between the two structures. Lastly, a conformation
difference in the RecC 1A subdomain is also evident.
The compelling conclusion from these comparisons is that there is no free RecBCD
structural class that fully resembles any of the DNA-bound RecBCD structural classes. Rather, in
the absence of DNA, RecBCD exists in an ensemble of three major states, each representing a
different combination of conformations in key domains of the protein complex. Upon DNA
binding, these different states converge into two conformations of RecBCD-DNA complex.
These two states clearly differ in the docking and undocking of RecBNuc and the related RecB2A
and RecD conformations, but share the same conformations for most of the rest of the protein
complex.
RecBCD-DNA structure in the absence of Mg2+ at low [NaCl]
In Chapter 2, we demonstrated the dramatic effect of Mg2+ on the affinity of RecBCD
binding to blunt DNA ends at 50mM NaCl. Mg2+ has also been shown in earlier studies to be
required for DNA melting by RecBCD44,59. Thus, it is of interest to see how RecBCD-DNA
complexes may differ in the absence of Mg2+ at low [NaCl].
We attempted cryo-EM experiments of RecBCD in complex with the same 60 bp bluntended DNA substrate (Figure 9A) in the absence of Mg2+ but otherwise the same conditions
(20mM Tris, pH7.4, 50mM NaCl with either 0.0125% and 0.025% amphipol added right before
vitrification of samples). For these experiments, 2 fold excess [DNA]:[RecBCD] was used (4
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fold excess [DNA ends]:[RecBCD]) since RecBCD binds to DNA more weakly in the absence of
Mg2+ at low [NaCl] (Chapter 2). However, fewer particles were observed in the ice for these
experiments even though the same concentration of RecBCD (10µM) was used as in our other
cryo-EM experiments. Gautomatch only managed to pick 118722 particles and only 48810
particles remained after 2D classification. 3D density maps could not be reconstructed due to a
lack of enough orientations. We did not obtain good quality vitrified samples at a higher
concentration (0.05%) of amphipol.

Discussion
Conformational heterogeneity of RecBCD and RecBCD-DNA
Several published structures of RecBCD in complex with various kinds of DNA ends
have previously been reported10,17,18,27. Here we report the first structures of DNA-free RecBCD.
We identified three classes of RecBCD structures, each representing distinct conformational
states. In particular, the RecD subunit, RecBNuc and RecBLinker all show large conformational
variabilities among the RecBCD classes identified. In fact, all three classes show partial and
weak density of the RecD subunit. The density corresponding to RecBLinker and RecBNuc suggests
that RecBNuc is docked at RecC in only 44% of the RecBCD particles (RecBCD Class 1). The
fact that we did not observe RecBNuc docking at any alternative sites indicates that for the rest of
the particles (56%), RecBLinker and RecBNuc, while still connected to the RecB motor domain, are
undocked from RecC and likely dynamic in solution (Figure 17A). We also observed more
subtle conformational differences among the three classes in a number of different regions of the
protein complexes, including RecBArm, RecB2A, RecB2B, RecCC-ter and RecC2B. Further, we
found conformational shifts in some of these regions that may be related to a linker-linker
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interaction between RecB and RecC. This may represent a potential mechanism by which
RecBNuc can exert its allosteric effects on DNA interactions that we observe in our
thermodynamic studies (Chapter 3) even though it is at the opposite side of the protein complex
from the DNA binding site.
Interestingly, we observe that binding of RecBCD to a blunt DNA end significantly
reduces these conformational heterogeneities since we identified only two classes of RecBCDDNA structures (Figure 17A). The structure of the major class (63.2% of the particles) showed
strong density for all of the subunits and structural domains and is similar to the first reported
RecBCD-DNA crystal structure (Singleton et al., 2004). The entirety of the RecD subunit is well
ordered, and the RecBNuc/BLinker regions are docked on RecC. For the remaining 36.8% of
particles in the second structural class, large parts of the RecD subunit showed weak density and
no density is evident for the RecBNuc/BLinker regions. In addition, the conformational shifts
observed in the other parts of the free RecBCD protein complex were not evident except in
RecB2A. The increase in the percentage of RecBCD structures that show density for the RecB
nuclease domain in the RecBCD-DNA structures (63.2%) compared with the free RecBCD
structures (44%), suggests that DNA binding promotes docking of the nuclease domain onto
RecC. Similarly, our results also indicate that DNA binding stabilizes the RecD subunit (Figure
17A). We note that a previous cryo-EM report of a RecBCD-DNA complex also noted two
structural classes of RecBCD-DNA complexes17. The dominant class was similar to the class 1
structure reported here, while a second class of structures (17%) showed no density for the RecB
nuclease domain, although no details were reported for that second class of structures. However,
both our study and that of Wilkinson et al.17 provide evidence for structural heterogeneity of the
RecBCD-DNA complexes.
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RecBCD facilitates the loading of RecA protein onto the 3’ resected DNA strand in order
to initiate recombination repair of a double-stranded DNA break. Spies et al.42 have shown that
the RecBNuc domain interacts with RecA protein and is likely involved in RecA loading.
Furthermore, the region of RecBNuc that interacts with RecA is occluded through interactions
with RecC in the RecBNuc docked RecBCD structure42. This suggests that the RecBNuc domain
must become undocked in order for it to bind RecA protein. The different classes of RecBCD
and RecBCD-DNA structures that we present here provides direct evidence that RecBNuc does
exist in both a docked and undocked state.
Our results indicate that both DNA-free and DNA-bound RecBCD complexes exist in
multiple conformational states. This aspect was not evident from previous crystal structures, and
was not emphasized in previous cryo-EM structures that focused on a single structural class of
the RecBCD-DNA complex.
Interestingly, the structural heterogeneity that we report here may provide an alternate
explanation for the DNA unwinding heterogeneity reported by Liu et al.11 based on their single
molecule studies. Liu et al. 11 observed that the DNA unwinding rates of individual RecBCD
molecules varied considerably, although the rate of unwinding by an individual RecBCD
remained constant. However, a transient pause of DNA unwinding by depleting any RecBCD of
ATP generally resulted in a change in the DNA unwinding rate upon resumption of DNA
unwinding. The fraction of RecBCD enzymes that changed rates after the pause increased with
the duration of the pause time. Liu et al. interpreted this result as evidence that RecBCD exists in
multiple conformational sub-states that can equilibrate with a ~ one second rate constant in the
absence of ATP and that each sub-state determines the rate of DNA unwinding and persists in
the presence of ATP for the ~ one minute required to complete DNA unwinding. Liu et al.62
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hypothesized that the source of the DNA unwinding heterogeneity might reflect whether only
one or both of the translocation motors (RecB and RecD) were engaged with the DNA since
mutation of either the RecB or RecD motors results in slower unwinding by the mutant
RecBCD8,35. Our structural studies suggest an alternative source of DNA unwinding
heterogeneity could result from whether the RecB nuclease domain is docked onto RecC since
RecBNuc docked structures also appear to stabilize the RecD motor. In further support of this
proposal, we have shown that the rate of DNA unwinding decreases by a factor of 1.5 to 2 for a
RecBCD variant that is missing the RecBNuc domain (Simon et al.1 ; N. Fazio, L. Hao and T.
Lohman, unpublished).
DNA melting by RecBCD and implications for dsDNA unwinding
Our structural studies also show that in one structural class, RecBCD is capable of
melting at least 11 bp upon binding to a blunt DNA end. This was a surprising finding since this
amount of DNA melting is considerably more than was observed in two previous crystal
structures of RecBCD in complex with dsDNA ends10,27. Singleton et al., used a 19 base pair
blunt ended DNA hairpin as the binding substrate and showed an atomic model in which the
bound DNA possessed a 15 bp duplex region and 4 nt of ssDNA due to DNA melting10.
However, the RecBCD arm domain that is seen to interact with the DNA duplex reached the
very end of the DNA hairpin. In a subsequent study, Saikrishnan et al. reported a RecBCD
structure in complex with a 21 bp duplex possessing a ten nucleotide 5’ ssDNA tail that showed
melting of a 6 bp region of the duplex27. Saikrishnan et al. suggested that the shorter 19 bp
hairpin limited the amount of dsDNA that can be melted to 4 bp due to the need to maintain
duplex contacts with the RecB arm domain27. Following this argument, it is also possible that the
21 bp duplex use by Saikrishnan was also short enough to limit DNA melting to 6 bp. Since the
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DNA used in our structural studies was 60 bp, those potential structural limitations would not
exist, enabling RecBCD to melt the 11 bp region observed in our current study. As noted above,
the 11 bp melted region is only a minimum estimate of the amount of DNA that could be melted
by RecBCD since we cannot identify the DNA sequence that is melted. Our detailed
characterization of the thermodynamics of RecBCD-DNA binding (Chapter 2) also suggests that
RecBCD can melt significantly more than 6 bp and potentially as many as 18 bp, consistent with
the structural results reported here.
The class 1 RecBCD-DNA structure shows density corresponding to 11 nt of ssDNA on
the 5’ ended strand, that reaches and interacts with RecD, but only 4 nt of ssDNA on the 3’
ended strand. This suggests that the rest of the 3’ ssDNA tail that results from DNA melting is
flexible. This could be related to the fact that the binding affinity of RecBCD to DNA ends
possessing 3’ ssDNA longer than 6 nt is reduced to an unfavorable entropic contribution that
increases with increasing 3’-ssDNA tail length. We reasoned (Chapter 2 and previous
studies45,46,63) that the unfavorable entropic contribution results from formation of a 3’ ssDNA
loop. So far, no structural observations have been made to corroborate such a loop. This may be
explained by the potential multiple path a 3’ ssDNA can take, as suggested by Wong et al63. An
ssDNA loop can be extruded between the 1A and 2A domains of RecB or RecB and RecC (Loop
1 and 2 in Figure 17B). Based on our density map, it is possible that the 3’ ssDNA can also be
jammed and form a loop internally (Loop 3) as there is a large cavity between RecB and RecC.
In a recent cryo-EM study examining a complex between RecBCD and DNA ends possessing 5’
15nt and 3’ 20nt ssDNA tails, a significant portion of complexes also only show density
corresponding to the first few nucleotides of the 3’ ssDNA tails, consistent with the idea of 3’
ssDNA loop formation18. Given the fact that 3’ssDNA needs to be threaded through the RecC
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channel connected to the RecB motor domain, the potential 3’ ssDNA loop formation could
represent a significant source of heterogeneity in how the RecB motor and RecC interact with the
3’ssDNA tail during unwinding.
Interestingly, the class 2 RecBCD-DNA structure (36.8%) shows density corresponding
to only 4 nt of ssDNA on both the 5’ and 3’ ended strands. This structural class shows no density
for RecBNuc and RecBLink and shows a substantially disordered RecD subunit. Although it is
possible that there is additional ssDNA in this structure that is not resolved, it is also possible
that less DNA is melted in this structural class possibly due to RecD not interacting with the 5’
ssDNA tail (Figure 17A). We have shown before that compared to a DNA end possessing 3’dT6
and 5’dT10 tails, RecBCD requires a few additional kinetic steps to initiate dsDNA unwinding
from a blunt DNA end or an end possessing only 3’dT6 and 5’dT6 tails64. 5’dT6 is not long
enough to reach the RecD subunit. This suggests the importance of RecD-DNA interactions in
the initiation of dsDNA unwinding. Single molecule studies have also observed conformational
dynamics when RecD is interacting with a long enough 5’ ssDNA tail47,48. It is possible that the
class 2 structure represents an unproductive complex for initiation of DNA unwinding. In fact
Lucius et al.65 showed that only ~80% of the blunt ended DNA molecules are unwound rapidly
by RecBCD in an ensemble stopped-flow experiment even though all of the DNA is bound by
RecBCD. Our observation of two classes of RecBCD-DNA complexes may explain this
observation if only one structural class (presumably Class 1) is active for DNA unwinding.
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Figure 1. Crystal structure of RecBCD (Singleton et al. 2004). (A) Crystal structure of
RecBCD in complex with a 19bp blunt-ended hairpin DNA (PDB 1W36). (B) Cutaway view of
RecBCD-DNA complex in (A), figure adapted from Dillingham and Kowalczykowski 2008. (C)
Domains of individual subunits RecB, RecC and RecD.
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Figure 2. Summary of cryo-EM image processing workflow for RecBCD.
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Figure 3. Cryo-EM maps after 3D refinement and post-processing. (A) (B) and (C) are
refined using class 1, 2 and 3 respectively from Figure 2.
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Figure 4. Cryo-EM data statistics. (A-C) statistics for Class 1. (D-F) statistics for Class 2. (GI) statistics for Class 3. (A), (D) and (G) are estimates of local resolutions. (B), (E) and (H) are
overall resolution. (C), (F) and (I) are angular distributions of particles.
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Figure 5. Except N-terminal domain, RecD is conformationally heterogeneous in RecBCD
Class 1. (A) Model of RecBCD Class1, where RecB is colored in red, RecC is in blue and RecD
in green. (B) Domains of RecB and RecC can all be clearly resolved while only the N-terminal
domain of RecD can be resolved in RecBCD Class 1. (C) Overlay of density map corresponding
to RecD N-terminal domain (RecBCD Class 1) with RecD model by Wilkinson et al., 2016
(PDB, 5ld2).
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Figure 6. Comparison of RecBCD Class 1 and Class 3. (A-D) comparison of RecBCD Class 1
and Class 3 models. Model of Class 1 colored in pink and Class 3 in grey. Class 1 and Class 3
differ conformationally in RecC C-terminal (A), RecB2A (B), RecC2B (C) and RecB2B (D)
domains. (E) density map of RecBCD Class 1 superimposed on its model. Semi-transparent
regions of the density highlights RecC linker (blue) and RecB linker (red). (F) density map of
RecBCD Class 1 superimposed with model of Class 1 to highlight that density corresponding to
RecC linker and RecB linker is missing.
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Figure 7. Comparison of RecBCD Class 2 and Class 3. (A-B) Comparisons of RecCC-ter and
RecB2B, respectively, between Class 2 (light green) and Class 3 (gray). (C) π stacking
interactions between PRO260, His262 of RecD and Trp955 of RecC. Semi-transparent volumes
represent cryo-EM density map. (D) Density map of RecB and RecC linker regions for RecBCD
Class 2. Dash line boxes highlights density corresponding to RecCLink and RecBLink missing.
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Figure 8. Summary of cryo-EM image processing workflow. (A) sequence of the 60bp duplex
blunt-ended DNA substrate. (B) two classes of RecBCD-DNA complexes are identified. See
Material and Methods and Results sections for more details.
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Figure 9. Cryo-EM maps of RecBCD-DNA complex after 3D refinement and postprocessing. (A) Cryo-EM map for Class 1 of RecBCD-DNA from 45202 particles. (B) Cryo-EM
map for Class 2 of RecBCD-DNA from 26265 particles.
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Figure 10. Cryo-EM data statistics. (A-C) statistics for RecBCD-DNA Class 1. (D-F) statistics
for RecBCD-DNA Class 2. (A) and (D) estimates of local resolution. (B) and (E) overall
resolutions of the models. (C) and (F) angular distribution of particle orientations.
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Figure 11. Comparison between RecBCD-DNA Class 1 and Class 2. (A) and (B) comparison
of RecC C-terminal domain and RecB 2A domain, respectively, between Class 1 (light blue) and
Class 2 (yellow). (C) and (D) Cryo-EM maps RecB and RecC linker regions of RecBCD-DNA
Cass 1 and Class 2, respectively, both superimposed with the model of RecBCD-DNA Class 1.
Density corresponding to RecB and RecC linkers are semi-transparent in (C) and missing in (D).
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Figure 12. RecBCD melts at least 11bp from a blunt DNA end. (A) overlay of density map
corresponding to DNA in RecBCD-DNA Class 1 with model and cutaway view of RecBCDDNA Class 1 density map (DNA in orange, RecB in red. RecBNuc in purple, RecC in blue and
RecD in green). (B) overlay of density map corresponding to DNA in RecBCD-DNA Class 2
with model and cutaway view of RecBCD-DNA Class 2 density map.
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Figure 13. Comparison of RecBCD Class 1 (light blue) and RecBCD-DNA Class 1 (dark
pink). (A) comparison of RecC C-terminal domains. (B) comparison of RecB 2A domains. (C)
comparison of RecB 2B domains. (D) comparison of RecC 2B domains. (E) comparison of RecB
and RecC linker regions.
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Figure 14 DNA binding can activate the nuclease domain by releasing the a-helix blocking
its active site. Overlays of density map with model of RecBCD Class1 (A) and RecBCD-DNA
Class 1 (B). RecB in red, RecC in blue and RecBNuc in magenta.
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Figure 15. Comparison of RecBCD-DNA Class 1 (light blue) with RecBCD Class 3 (light
grey). Comparisons of RecB Arm domains (A), RecB 2A domains (B) and RecC 1A domains
(C).
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Figure 16. Comparisons between RecBCD-DNA Class 1 (light blue) and RecBCD Class 2
(light green). Comparisons of RecC C-terminal domains (A), RecB 2A domains (B), RecB 2B
domains (C), RecC 1A domains (D).
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Figure 17. Models for RecBCD-DNA interactions. (A) Effects of DNA binding on RecBCD
conformation heterogeneity. RecBCD can melt 11bp from a blunt DNA end but the extent of
DNA melting can also vary within a large ensemble of RecBCD-DNA complex. (B) Cutaway
view of RecBCD-DNA Class 1 density map to show potential 3’ ssDNA paths. Yellow dash line
indicates RecBCD interacts with DNA ends possessing a single 3’ ssDNA overhang up to 10nt
long. 10nt 3’ssDNA reaches the beginning of RecC. Grey dash lines indicates formation of
potential ssDNA loops. Loop 1 represents a loop extruded between 1A and 2A of RecB. Loop 2
represents a loop extruded between RecB and RecC. Loop 3 represents a potential internal loop.
Turquoise dash lines indicates additional interactions RecBCD can make with 3’ ssDNA up to
17-18nt when RecD is bound to 5’ ssDNA (implication from Chapter 2). RecB colored in red,
RecC in blue, RecBNuc in purple and DNA in yellow.
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Chapter V
Cryo-EM structures of RecBΔNucCD and RecBΔNucCD-DNA complex
suggest roles of RecBNuc in melting of DNA and stabilizing RecD
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Abstract
RecBCD is a hetero-trimeric helicase and nuclease in E. coli. RecBCD plays important
biological roles in both in homologous recombination repair of double-stranded DNA breaks and
in degrading foreign dsDNA as a defense mechanism. The DNA repair and degrading roles of
RecBCD are regulated by its ability to recognize an 8 nucleotide Chi sequence within single
stranded DNA during unwinding. RecBCD can unwind from a DNA end rapidly and
processively. However, Simon et al. discovered that the RecB nuclease domain also influences
RecBCD catalyzed dsDNA unwinding. This was unexpected because RecBNuc is positioned far
from the RecBCD-DNA interaction site in all reported structural studies. However,
conformational changes associated with RecBNuc are expected especially upon Chi recognition
and potentially upon just binding to a dsDNA end. As we have discussed in detail in our
thermodynamic studies in Chapter 3, deletion of RecBNuc significantly affects a number of
aspects of RecBCD-DNA binding and suggests a reduction in the extent of DNA melting. Here
we present cryo-EM studies of RecBΔNucCD and RecBΔNucCD-DNA complexes. In contrast to
RecBCD, we observe only one structural class of RecBΔNucCD. In the absence of RecBNuc, RecD
is significantly more dynamic or flexible than in RecBCD. In fact density corresponding to most
of the RecD subunit in RecBΔNucCD-DNA complex was not observed, despite our demonstration
that RecBΔNucCD is a stable hetero-trimeric complex that contains a fully intact RecD subunit.
Our RecBΔNucCD-DNA structure also suggests only 4bp of dsDNA is melted upon binding a
blunt ended DNA duplex, considerably less than the 11bp melted upon RecBCD binding
(Chapter 4). This supports the conclusions from our thermodynamic studies that RecBΔNucCD
melts less DNA than RecBCD.
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Introduction
RecBCD is a helicase and nuclease protein complex that functions in repair of double
stranded DNA breaks in E. coli. RecBCD possesses three subunits (Figure 1A), RecB (134 kDa)
is a super family 1 helicase that translocates from 3’ to 5’ on ssDNA1–3. RecD (67 kDa) is also a
super family 1 helicase but translocates from 5’ to 3’ along ssDNA1–3. RecC (129 kDa) does not
have any ATPase4 but plays important regulatory roles5,6. During unwinding of a duplex DNA,
RecB and RecD translocate on opposite DNA single strands, and thus move in the same net
direction during DNA unwinding by RecBCD. The two unwound ssDNA strands are both
degraded by a single nuclease active site on the RecB nuclease domain (RecBNuc) 7,8. RecBCD
binds to a DNA end and unwinds dsDNA processively for an average of 30 kilobases9. These
properties allow RecBCD to serve as a competent defense system for E. coli by degrading
foreign dsDNA, such as DNA from a bacteriophage10,11. However, RecBCD also plays a crucial
role in recombination repair of double-stranded DNA breaks. This role in DNA repair, seemingly
contradictory to the destructive nature of RecBCD to DNA, relies on the ability of RecBCD to
recognize an eight nucleotide ssDNA sequence during unwinding. This sequence (5’GCTGGTGG-3’) is known as the crossover hotspot instigator (Chi)12,13, recognition of which
switches RecBCD from a ‘destructive’ mode to a ‘repair’ mode14,15. Chi is an overrepresented
sequence in the E. coli genome16, so it serves as a mechanism by which RecBCD can distinguish
between self and foreign DNA. Chi recognition causes the DNA unwinding rate of RecBCD to
be reduced by ~50%17,18. After Chi recognition, the nuclease domain degrades only the 5’
strand19–21 and loads RecA onto the 3’ strand22. This produces a RecA coated 3’ ssDNA filament
that is required for further recombination repair events.
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Early KMnO4 footprinting studies showed that RecBCD can melt 5-6 bp upon binding to
a blunt DNA end23. This process does not require ATP but is dependent on the presence of Mg2+.
A crystal structure of RecBCD in complex with a 19 bp blunt-ended hairpin DNA also shows 4
bp of DNA is melted (Figure 1B)3. A second crystal structure showed that RecBCD can melt 6
bp from a longer 21 bp DNA end possessing 5’ (dT)4 overhang, suggesting that the extent of
DNA melting in the initial structure was limited by the length of the 19 bp DNA24. The melted 3’
and 5’ ended ssDNA interact with RecB and RecD, respectively. RecB and RecD, belong to the
same SF1 helicase super family, and share conserved residues and structural features1–3 (Figure
1C). They both possess 1A and 2A domains that are involved in the ATPase and helicase
activities. The 1B and 2B domains play important regulatory roles in other SF1 helicases, such as
Rep, UvrD and PcrA43-54. The 1B domain of RecB (RecB1B), also known as the arm domain
(RecBArm), contains a large insertion compared to RecD and interacts with the duplex DNA. The
RecB 2B domain (RecB2B) makes extensive interactions with RecC. The RecD 2B domain
(RecD2B) consists of an SH3 domain, which is typically found in eukaryotes and is important for
protein signal transduction. The flexibility of RecD2B in a RecBCD-DNA complex appears to be
dependent on the lengths of a pre-existing 5’ ssDNA flanking region (tail). In the first crystal
structure by Singleton et al. using the 19bp blunt-ended duplex, RecD2B could not be fully
resolved3. However, RecD2B could be resolved in subsequent crystallography24 and cryo-EM25,26
studies that used the longer 21 bp duplex and a 5’ overhang in subsequent. While RecC does not
have any ATPase, helicase or nuclease activities due to lack of conserved residues4, it shares a
great deal of structural similarities to RecB, possessing all structurally equivalent domains,
including a dead C-terminal nuclease domain3,27.
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The lengths of the ssDNA overhangs exert a strong influence on how RecBCD interacts
with a DNA end28–31. RecBCD binds with optimal affinities to DNA ends possessing either a
single 3’-(dT)6 tail or a single 5’-(dT)10 tail28,29. The ssDNA tails have also been shown to
influence the initiation of RecBCD catalyzed dsDNA unwinding31. RecBCD can initiate dsDNA
unwinding from a blunt DNA end or a DNA end possessing both 3’-(dT)6 and 5’-(dT)6 tails,
however, additional kinetic steps are required31. These extra kinetic steps are not observed for
RecBCD unwinding from a DNA end possessing both 3’-(dT)6 and 5’-(dT)10 tails, suggesting
that the additional kinetic steps may be involved in DNA melting and formation of an active
initiation complex for unwinding31. According to structural data, a 5’-(dT)10 is long enough to
make contact with the RecD motor while a 5’-(dT)6 tail is not24–26. RecBC, in the absence of the
RecD subunit, is also a processive helicase31–35. However, it initiates DNA unwinding from a
blunt DNA end much less efficiently than RecBCD. Single-molecule studies on RecBCD also
found interesting conformational dynamics associated with RecBCD binding to long 5’
overhangs36,37.
During processive DNA unwinding, RecBCD translocates at different speeds on the 3’
and 5’ ended ssDNA strands2,18,38, with RecD initially being the faster motor. We have found
that RecBC and RecBCD also possess a secondary ssDNA translocase activity that is controlled
by the ATPase activity of RecB, but insensitive to the polarity of ssDNA35,38,39. This suggests
that this activity may actually represent a dsDNA translocase. The RecBArm is important for this
secondary translocase activity35,39. Upon Chi recognition, the RecD motor is slowed
substantially18, making RecB the leading motor, but slowing the overall unwinding rate of
RecBCD by ~50%18. As mentioned earlier, conformational changes affecting RecBNuc are
expected to take place upon Chi recognition since after Chi recognition, RecBNuc loads RecA
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onto 3’ssDNA and degrades only the 5’ strand19–22. In fact, SAXS studies suggested that DNA
binding alone could trigger conformational changes associated with RecBNuc15,40. Interestingly,
Simon et al. found that deletion of RecBNuc reduces the unwinding rate of RecBCD by ~50% (on
non-Chi containing dsDNA)39. This rate resembles that of post-Chi RecBCD and prompts the
question of whether the nuclease deletion mutant of RecBCD, RecBΔNucCD, might resemble the
post-Chi conformation of RecBCD.
In Chapter 3, we demonstrated that deletion of RecBNuc results in substantial changes in
multiple aspects of RecBCD-DNA interactions. Our results also suggest that RecBΔNucCD can
melt fewer base pairs than RecBCD upon binding to a blunt DNA end. Here we present a cryoEM study of RecBΔNucCD and RecBΔNucCD in complex with a blunt DNA end. We show that
with the deletion of RecBNuc, most domains in RecD become significantly more dynamic or
flexible. DNA binding to RecBΔNucCD no longer stabilizes the RecD conformation, in contrast to
RecBCD (Chapter 4). We also found that cryo-EM map density representing the 3’ ended
ssDNA can only be observed for a length up to 4 nucleotides. This supports our conclusions
from our thermodynamic studies (Chapter 2 and 3) that RecBΔNucCD melts less DNA than
RecBCD. Our results help explain the difference between RecBCD and RecBΔNucCD in DNA
unwinding, specifically in the steps associated with formation of an initiation complex.

Materials and Methods
Proteins and DNA
RecBΔNucCD was purified as described in Chapter 3 and Simon et al.39. The concentration
of RecBΔNucCD was determined by absorbance at 280nm using an extinction coefficient of
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ε280=4.11×105 M-1 cm-1. We used the same 60 bp blunt-ended dsDNA described in Chapter 4 and
in our thermodynamic studies (Chapter 2 and Chapter 3)
Cryo-EM grid preparation and image acquisition
RecBΔNucCD samples for cryo-EM were prepared the same way as for RecBCD described
in Chapter 4. RecBΔNucCD was dialyzed extensively into 20 mM Tris pH 7.4, 50 mM NaCl and 4
mM MgCl2 for 8 hours and concentrated to 10 µM using Vivaspin 500 centrifugal concentrators
(Sartorius Stedim Biotech, NY). Equal concentrations of RecBΔNucCD and DNA were mixed and
incubated on ice for at least 15 minutes. Amphipol A8-35 (Anatrace, OH) was added to a final
concentration of 0.025% to both RecBΔNucCD and RecBΔNucCD-DNA complex, right before grid
preparation. Grids were prepared and imaged by Michael Rau at the Center for Cellular Imaging
in Washington University in St. Louis (WUCCI) as described in Chapter 4.
Image processing and model building
Beam induced motion was corrected using MotionCorr2 and the contrast transfer
function (CTF) was determined using GCTF as described in Chapter 4. After automated particle
picking using Gautomatch and 2D classifications in Relion 3 using the same parameters
described in Chapter 4, the remaining particles was used to generate an initial 3D model which
was used as a reference map for subsequent 3D classifications. The results were summarized in
Figure 2. Local resolutions (Figure 3) was calculated using Relion 3.
A cryo-EM model by Wilkinson et al. for RecBCD-DNA complex was used as a
template for building RecBΔNucCD and RecBΔNucCD-DNA models, as described in Chapter 4.

200

Results
We examined a variant of RecBCD, RecBΔNucCD, in which the RecB nuclease domain
(RecB930-1180) was deleted. RecBΔNucCD hetero-trimer was purified to homogeneity and was fully
active in DNA binding based on fluorescence and ITC titrations and was mono-disperse,
possessing all three subunits as shown by denaturing gel electrophoresis and sedimentation
velocity experiments (Chapter3).
Cryo-EM experiments on RecBΔNucCD (Figure 2A) or RecBΔNucCD mixed with equal
concentration of blunt-ended dsDNA (Figure 2B) were conducted in Buffer containing 20 mM
Tris pH7.4, 50 mM NaCl and 4 mM MgCl2 with a final concentration of 0.025% amphipol added
right before vitrification of the samples. This was the same buffer used by Wilkinson et al.25 and
for our Cryo-EM studies of RecBCD and RecBCD-DNA complexes described in Chapter 4. We
used the same analysis and classification methods as described in Chapter 4 for RecBCD. 3D
classification by Relion3 yielded only a single class for RecBΔNucCD consisting of 162275
particles.
Increasing the number of classes at this step or further classification of this single class of
RecBΔNucCD particles only identified an additional 1.5% of the particles as junk and had no
effect on the resulting 3D reconstruction of the RecBΔNucCD cryo-EM density map. Under our
solution conditions (20 mM Tris pH7.4, 50 mM NaCl and 4 mM MgCl2), RecBΔNucCD binds the
60 bp blunt-ended dsDNA stoichiometrically and independently at both ends of the dsDNA
molecule. A 1:1 concentration ratio of [dsDNA] to [RecBΔNucCD] in this case is equivalent to a
two-fold excess of DNA ends over RecBΔNucCD, which ensures that all RecBΔNucCD
heterotrimers are DNA-bound. Analysis of the RecBΔNucCD-DNA complex dataset yielded a
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major class (Class 1) of RecBΔNucCD consisting of 130960 particles (83% of all particles) and a
minor class of 26084 particles (17% of total) with much lower resolution.
Through further global refinement steps, we reconstructed high resolution cryo-EM
density maps for RecBΔNucCD and RecBΔNucCD-DNA Class 1 at 3.4 Å (Figure 3 and Figure 4).
Based on Relion’s local resolution estimate, most of these maps are of high resolution (Figure
4A and 4D) and reconstructed from particles of sufficiently diverse orientations (Figure 4C and
4F). However, 3D refinement by Relion for the Class 2 RecBΔNucCD-DNA complex results in an
overall low resolution of 7.2 Å and Relion’s post-processing yields a map of 4.7Å resolution
(Figure 3C) that shows weak densities in many parts of the protein-DNA complex. Attempts to
classify RecBΔNucCD-DNA into more classes did not result in changes in the cryo-EM maps or
resolution improvement.
Strikingly, RecBΔNucCD particles showed only a single structural class (Figure 3A) in
contrast to the three structural classes observed for RecBCD (Chapter 4). The weak density
corresponding to most of the RecD subunit indicates conformational heterogeneity in the RecD
subunit in the RecBΔNucCD structure. The weak density observed for the RecD subunit is not due
to partial dissociation of RecD since strong density corresponding to the N-terminus of RecD is
evident (Figure 3A and B green). We also routinely performed ensemble experiments
(sedimentation velocity and denaturing gels) that demonstrated the RecBΔNucCD homogeneity
and presence of RecD within (Chapter 3).
Conformational heterogeneity of RecD is also evident in the majority of the
RecBΔNucCD-DNA complexes. The major class (83% of all particles) showed weak density for
most of the RecD subunit, except its N-terminal domain (Figure 3B). This is in stark contrast to
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the RecBCD-DNA structures, where 68% of the particles showed strong RecD density (Chapter
4). Our RecBCD results (Chapter 4) indicate that DNA binding stabilizes the RecD structure.
This effect is greatly diminished, if not completely absent, in the RecBΔNucCD-DNA structures.
Our results suggest that the presence of RecBNuc stabilizes the RecD conformation within
RecBCD and may affect how RecD interacts with 5’ ended ssDNA.
One key question from our thermodynamic studies of RecBCD and RecBΔNucCD binding
to DNA in Chapter 2 and 3 was whether deletion of RecBNuc affects the extent of dsDNA
melting. Figure 5A shows the density map for the DNA in the RecBΔNucCD-DNA class 1
structure indicating that dsDNA melting does occur upon RecBΔNucCD binding to a blunt dsDNA
end in the presence of Mg2+. Density corresponding to 3 unpaired nucleotides on the 5’ end and 4
unpaired nucleotides on the 3’ end is evident, indicating at least 4 base pairs are melted upon
RecBΔNucCD binding to a blunt DNA end. However, this degree of melting is significantly less
than what is evident in the majority (68%) of wildtype RecBCD-DNA complexes (Class 1),
which show evidence for the melting of at least 11 base pairs using the same DNA substrate
under the same conditions (Figure 5B, Chapter 4).
Our RecBCD-DNA cryo-EM results in Chapter 4 suggest that interactions between the 5’
ended ssDNA and RecD stabilize the RecD conformation. Thus the observation of a disordered
RecD in our RecBΔNucCD density suggests that RecD does not interact with the 5’ ssDNA in the
majority of the RecBΔNucCD-DNA molecules. This is also consistent with the conclusion that
RecBΔNucCD melts less dsDNA than RecBCD upon binding to a blunt DNA end. Interestingly,
the smaller amount of ssDNA density observed in the RecBΔNucCD-DNA complex is similar to
that observed in the minor class (Class 2) of RecBCD-DNA complexes (Figure 5C and Chapter
4). Furthermore, this minor class (Class 2) of RecBCD-DNA structures does not display density
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for the RecBNuc domain. This suggests a correlation between docking of the RecBNuc domain and
increased melting of the DNA duplex.
Figure 6 compares the RecBΔNucCD structure with the Class 1 RecBΔNucCD-DNA
structure. Conformational shifts are observed in the RecC C-terminal domain (Figure 6A) and
RecB2B (Figure 6B). These differences are reminiscent of the conformational differences
between RecBCD-DNA Class 1 and RecBCD Class 2 detailed in Chapter 4, Figure 17. However,
unlike for RecBCD, no other conformational differences were observed between RecBΔNucCD
and RecBΔNucCD-DNA. Interestingly, we note that in the RecBΔNucCD and RecBΔNucCD-DNA
structures, there is also no evidence for density corresponding to the RecBLinker and RecCLinker.
This suggests that upon RecBNuc deletion, RecBLinker and RecCLinker, although still present in the
protein complexes, are undocked from the sites where they are evident in the RecBCD-DNA
Class 1 structure (Figure 6E and Chapter 4), suggesting that they are disordered and/or dynamic
and likely adopt various conformations.
Further comparison of the structures of RecBΔNucCD-DNA and RecBCD-DNA (Class 1)
show that the regions of the two complexes that can be resolved (i.e., excluding RecD) are
similar in conformation (Figure 7). We observed a slight shift for RecB2A between RecBCDDNA Class 1 and RecBΔNucCD-DNA (Figure 7A). However, this shift is absent when comparing
RecBΔNucCD-DNA and RecBCD-DNA Class 2 (Figure 7B). In addition, density for RecBNuc was
not observed in RecBCD-DNA Class 2 and RecD density is also weak. This suggests that the
minor class (Class 2) of RecBCD-DNA complex resembles a RecBΔNucCD state.
Figure 8 shows a comparison of RecBΔNucCD with the three structural classes of RecBCD
(Chapter 4) and indicates that the RecBΔNucCD structure still differs significantly from all of the
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RecBCD classes. Comparisons of the RecC C-terminal domains (Figure 8A-C) shows that the
RecC C-terminal domain in RecBΔNucCD has a very similar conformation to that of RecBCD
class 2. The RecB2B domains are also similar in the RecBΔNucCD and RecBCD structures (Figure
8E). However, the RecB2A conformation in RecBΔNucCD differs from that in all three RecBCD
structural classes.

Discussion
Here we report the first high resolution cryo-EM structures of RecBΔNucCD, a variant
with a deletion of the RecB nuclease domain (RecB930-1180), and RecBΔNucCD in complex with a
blunt DNA end at 3.4 Å. Previous studies from our lab showed that deletion of RecBNuc reduces
the rate of DNA unwinding39 (N. Fazio unpublished). Deletion of RecBNuc also reduces the rate
of initiation of DNA unwinding from a blunt DNA end or a twin tailed (dT)6(dT)6 DNA end (N.
Fazio, unpublished). Finally, compared to RecBCD, RecBΔNucCD shows substantially high
affinity for a DNA end, including a blunt end (Chapter 3). This raises the question of whether the
presence of RecBNuc affects dsDNA melting by RecBCD. Our thermodynamic studies (Chapter 2
and Chapter 3) suggested that RecBΔNucCD melts less dsDNA than RecBCD upon binding a
blunt DNA end.
Our structural studies definitively show that RecBΔNucCD can still melt some dsDNA
upon binding to a blunt DNA end in the presence of Mg2+. At least 4 base pairs of dsDNA were
melted by RecBΔNucCD from a blunt DNA end, although we cannot rule out that more DNA base
pairs are melted by RecBΔNucCD. This is partly due to the fact that all RecBΔNucCD-DNA
complexes showed weak density for large parts of the RecD subunit and as a result, no 5’ ended
ssDNA could be observed interacting with RecD. In stark contrast, the major class of RecBCD-
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DNA complexes (Chapter 4) represents a structure with strong density for RecD and at least 11
nt of 5’ ssDNA resulting from DNA melting. This is not observed at all in our RecBΔNucCDDNA data set. Our results are consistent with the idea that RecBΔNucCD melts less DNA than
RecBCD.
Density for 4 nucleotides of 3’ ssDNA due to DNA melting is clearly evident in the
RecBΔNucCD-DNA complex, the same as that observed in the class 2 RecBCD-DNA structure.
This further indicates that the major differences between RecBCD and RecBΔNucCD appears to
be in how the RecD subunit interacts with DNA and how RecBNuc affects these interactions. In
fact the importance of the RecD subunit in RecBCD-DNA interactions is also evident from our
thermodynamic studies (Chapter 2 and 3). We showed that RecB∆NucCD shows as much as a 12fold increase in DNA affinity compared to RecBCD. Interestingly, this higher affinity is due to a
more favorable entropy change for the RecB∆NucCD-DNA binding. Clearly, a higher affinity
does not correlate with more efficient initiation of DNA melting or DNA unwinding.
Interestingly, the differences in DNA binding affinities between RecBΔNucC and RecBC, in the
absence of the RecD subunit, are much smaller30. DNA unwinding studies further showed that
extending the length of a pre-existing 5’ ssDNA tail from 6 nt to 10 nt increases the rate and
efficiency of initiation of DNA unwinding by RecBΔNucCD (N. Fazio unpublished). Based on
structural data of RecBCD-DNA complexes from our studies and others3,24–26, a 5’ ssDNA tail of
6 nt is not long enough to reach the RecD subunit, but a length of 10 nt is able to do so. In
contrast, RecBCD can initiate dsDNA unwinding much more efficiently than RecBΔNucCD even
from a blunt DNA end31,41,42. Our results suggest that the presence of RecBNuc stabilizes the
conformation of RecD and facilitates its interaction with 5’ssDNA.
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Further, as results in Chapter 4 suggest, RecBNuc might manifest its allosteric effects on
RecBCD-DNA interactions via interactions between the linkers of RecB and RecC. Our current
structural studies show that deletion of RecBNuc, results in a loss of densities for both RecBLinker
and RecCLinker, even though they are still present in the protein complex. The RecB2A and RecC
C-terminal domains connected by these linkers adopt conformations similar to those observed in
the RecBCD and RecBCD-DNA structures in which RecBNuc is not observed to be docked to the
RecC subunit, thus resembling RecBΔNucCD. Our results here suggest that RecBNuc can regulate
the conformations of RecB2A and RecC C-terminal domains through interactions between the
RecB and RecC linkers.
In our thermodynamic studies, we noted that RecBΔNucCD binding to DNA ends is driven
by a more favorable entropy change compared with RecBCD-DNA binding. Our structural
studies show that DNA-free RecBCD is highly heterogeneous in its conformational states and
that DNA binding reduces this heterogeneity, especially in RecD. This would represent a source
of unfavorable entropy for DNA binding. However, for RecBΔNucCD, DNA binding does not
significantly limit the conformation states of RecD. The rest of RecBΔNucCD shows less
heterogeneity than RecBCD to begin with. This is consistent with our observation that RecBCD
binding to DNA is associated with a less favorable entropic change than RecBΔNucCD.
Previous studies have suggested that the Chi-dependent reduction in RecBCD catalyzed
DNA unwinding rate is due to inactivation of the RecD motor. Our current structural study
indicates that RecD becomes more conformationally heterogeneous and potentially may be
unable to engage the 5’-ssDNA. RecBNuc is expected to transiently leave its known docking site
on RecC in order to interact with RecA since the RecBNuc interface that is thought to interact
with RecA is blocked in the RecBCD-DNA crystal structure22. Our results suggest that the
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undocking of RecBNuc upon Chi recognition could destabilize RecD, leading to a slower DNA
unwinding rate. In fact, we have shown that RecBΔNucCD does have a slower unwinding rate
than does RecBCD39 (Fazio, unpublished). Hence, the structurers reported here for RecBΔNucCD
may represent a good model for RecBCD after recognition by Chi.
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Figure 1. A crystal structure of RecBCD-DNA shows melting of 4bp from a blunt DNA
end3. (A) Atomic model of RecBCD-DNA complex by Singleton et al. (PDB 1W36) rendered by
UCSF ChimeraX. (B) Cutaway view of RecBCD-DNA crystal structure3, figure adapted from
Dillingham and Kowalczykowski 200814 showing melting of 4bp. (C) Domain features of RecB,
RecC and RecD.
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Figure 2. Summary of cryo-EM image processing workflows. (A) workflow for RecBΔNucCD,
(B) for RecBΔNucCD-DNA. See Material and Methods and Results sections for more details.
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Figure 3. Cryo-EM maps after final 3D refinement and post-processing. (A) cryo-EM map
for RecBΔNucCD; (B) cryo-EM map for RecBΔNucCD-DNA class 1 (83% of all particles); (C)
cryo-EM map for RecBΔNucCD-DNA class 2. RecB, RecC, RecD and DNA are all colored
according to the key. RecBΔNucCD-DNA class 2 was not colored due to low resolution.
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Figure 4. Cryo-EM data statistics. (A-C) statistics for RecBΔNucCD; (D-F) statistics for
RecBΔNucCD-DNA Class 1. (A) and (D) Cryo-EM maps colored based on local resolution (color
key); (B) and (E) overall resolutions of the model. (C) and (F) angular distributions of particles,
red bars indicates higher count of particles in certain orientations.
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Figure 5. Cross-sectional views of cryo-EM maps show less map density corresponding to
5’ ssDNA. (A) cross-sectional view of RecBΔNucCD-DNA cryo-EM map with density for the
DNA overlaid with atomic model. (B) and (C) shows cross-sectional views of Class 1 and 2 of
RecBCD bound to blunt ended DNA.

214

Figure 6. Comparison between RecBΔNucCD and RecBΔNucCD-DNA. (A) and (B) show small
conformation shifts at RecC C-terminal domains and RecB2B, respectively between
RecBΔNucCD and RecBΔNucCD-DNA. (C) (D) and (E) show zoomed in views of RecB and RecC
linker regions for RecBΔNucCD-DNA, RecBΔNucCD and RecBCD-DNA Class 1 (Chapter 4),
respectively. Density maps of RecBΔNucCD and RecBΔNucCD-DNA was overlaid on the atomic
model for RecBCD-DNA class 1 to highlight the absence of density for both RecB and RecC
linkers. Density present for RecBCD-DNA corresponding to RecB and RecC linker was
highlighted as semitransparent volumes in (E).
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Figure 7. Comparison of RecBΔNucCD-DNA to RecBCD-DNA structures (Chapter 4).
Models of RecBΔNucCD-DNA and two classes of RecBCD-DNA were aligned by UCSF Chimera
and then comparisons were made for (A) RecB2A.between RecBΔNucCD-DNA and RecBCDDNA Class 1; (B) RecB2A between RecBΔNucCD-DNA and RecBCD-DNA Class 2.
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Figure 8. Comparison between RecBΔNucCD and RecBCD structures. After models were
aligned, comparison were made for RecC C-terminal domains in RecBCD Class 1 (A), Class 2
(B), Class 3 (C) with RecBΔNucCD. Comparison of RecB2B domains in RecBCD Class 1 (D),
Class 2 (E), Class 3 (F) to RecBΔNucCD. Comparison of RecB2A domains in RecBCD Class 1
(G), Class 2 (H), Class 3 (I) to RecBΔNucCD
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Goal of research
The goal of the current thesis project was to understand how RecBNuc affects the
thermodynamics of DNA binding and DNA melting by RecBCD and to examine potential
conformational changes resulting from RecBCD binding to DNA.
RecBCD is a heterotrimeric helicase and nuclease protein complex in E. coli that plays
important biological roles in recombination repair of dsDNA breaks and in defense against
foreign DNA1,2. The enzymatic activities of RecBCD are tightly regulated by an eight nucleotide
sequence (5’-GCTGGTGG-3’), known as crossover hotspot instigator (Chi) 3,4. During
unwinding RecBCD can recognize Chi, which leads to the enzyme switching from a
‘destructive’ mode to a ‘repair mode’1,2. RecBNuc degrades both 3’ and 5’ ssDNA strands before
Chi recognition but only degrades 5’ ssDNA post-Chi5–7. RecBNuc has also been found to be
particularly important in its repair mode by facilitating the loading of RecA protein onto the 3’
ended ssDNA8. This produces a RecA coated 3’ ssDNA filament that is an essential intermediate
to initiate recombinational repair of the DNA. Simon et al.9 have also demonstrated that RecBNuc
affects RecBCD catalyzed DNA unwinding. My thesis project is the first step in understanding
how RecBNuc affects RecBCD binding to DNA. This furthers our understanding of how RecBNuc
and DNA unwinding can affect each other and helps address more complex questions later on.
In addition, RecBCD represents an interesting model system for studying DNA helicases.
DNA helicases are motor proteins that catalyzes unwinding of duplex DNA into single-stranded
DNA at the cost of NTP hydrolysis. They are ubiquitous in all organisms because they are
required for essential DNA metabolism processes such as DNA replication, transcription,
recombination and repair. Understanding DNA helicase mechanism is important for studying
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these biological processes. The observations reported in this thesis demonstrate a type of helicase
regulation that has not been reported before.

Hypotheses
RecBC has been shown previously by Wong et al.10–12 to bind with optimal affinity to
DNA ends possessing 3’(dT)6 and 5’(dT)6 overhangs. A DNA end possessing 3’(dT)6 and
5’(dT)6 overhangs resembles a DNA end that has already been melted thus eliminating the
energetic cost of melting DNA base pairs during RecBC binding. This results in a much more
favorable binding enthalpy for RecBC compared to binding a blunt DNA end11. Interestingly,
despite KMnO4 footprinting assays showing that RecBC and RecBCD both can melt ~6 bp from
a blunt DNA end11,13, RecBC initiates DNA unwinding poorly from a blunt DNA end14 while
RecBCD initiates efficiently14–16. In addition, a crystal structure showed that RecBCD can still
melt 6 bp from a DNA end possessing a 5’(dT)4 overhang17. Fluorescence titrations also showed
optimal binding affinity of RecBCD to DNA ends possessing 3’(dT)6 or 5’(dT)10 overhangs10.
Single-molecule studies even suggested transient DNA melting by RecBCD when bound to a
DNA end possessing a long 5’(dT)10 or 5’(dT)15 overhang18,19. However, the detailed
thermodynamics driving DNA melting and DNA binding by RecBCD that result in the
differences between RecBCD and RecBC had not been investigated. Is there a thermodynamic
signature for DNA melting? Can RecBCD melt further than 6bp from a blunt DNA end?
Simon et al.9 showed that RecBΔNucCD unwinds DNA at a 50% slower rate than
RecBCD. RecBΔNucCD has also been shown to initiate DNA unwinding poorly from a blunt end
(Fazio et al. unpublished). Does this suggest that RecBNuc affects DNA melting? How does the
removal of RecBNuc affect binding of RecBCD to DNA ends?
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Previous studies have suggested that upon Chi recognition, RecBNuc must move from its
position in crystal structures where it is “docked” to RecC, in order to load RecA onto the 3’
ssDNA strand8. The nuclease activity also changes from degrading both 3’ and 5’ ended ssDNA
strands to just the 5’ strand after Chi recognition5–7. It is expected that substantial conformational
changes must occur for RecBNuc upon Chi recognition. As mentioned above, Simon et al.9
showed that RecBΔNucCD unwinds 50% slower than RecBCD. Coincidentally, Chi recognition
also results in a ~50% reduction in unwinding rate for RecBCD. Hence, deletion of RecBNuc may
result in an enzyme that resembles RecBCD in which RecBNuc has undocked from RecC. This
prompts the question of whether RecBΔNucCD binds DNA with a significantly different
conformation from that of RecBCD. In a related study, Taylor et al.20 suggested RecBNuc can
become undocked from RecC simply upon RecBCD binding to DNA ends, without Chi
recognition. Prior to the studies reported here, no structures were available of RecBCD complex
in the absence of DNA. Whether DNA binding induces conformational changes in RecBCD
remained an unanswered question.

Research Methodology
Quantitative experiments were designed in this thesis project to examine and compare the
thermodynamics of RecBCD and RecBΔNucCD binding to DNA ends. The assembly state and
quality of RecBCD and RecBΔNucCD proteins were routinely checked using sedimentation
velocity and denaturing gel electrophoresis. Fluorescence titration of RecBCD or RecBΔNucCD to
a Cy3 labeled DNA under stoichiometric binding conditions was used on regular basis to
confirm that our RecBCD and RecBΔNucCD has 100% DNA binding activity. Isothermal titration
calorimetry and fluorescence competition titrations were primarily used to examine the binding
of RecBCD and RecBΔNucCD to DNA ends possessing different lengths of 3’ and/or 5’ ssDNA
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overhangs. These experiments were mostly performed at higher [NaCl] to ensure a binding
affinity that can be accurately measured. The Mg2+ effect on binding was examined also using
ITC, with varying [MgCl2] and [NaCl].
Cryo-EM was used as a structural approach to accompany our thermodynamic studies
and examine DNA melting and potential conformational changes upon DNA binding. Michael
Rau at WUCCI prepared the grid and imaged the samples. I processed the data and built models
with help from Dr. Rui Zhang and Michael Rau. Structures were determined for RecBCD and
RecBΔNucCD with and without DNA bound.

Results discussion
Results from this thesis work indicate that RecBCD can melt more than 6 base pairs upon
binding to a blunt DNA end. This is supported by both the thermodynamic and structural studies.
In our thermodynamic studies, we tested RecBCD binding to blunt DNA ends as well as DNA
ends possessing ssDNA overhangs on both 3’ and 5’ ends (dTndTn substrates). At 275 mM NaCl,
10 mM MgCl2 (pH 7.0, 25˚C), RecBCD binds to blunt DNA ends with ∆G˚ = -9.5±0.3 kcal/mol,
but with an unfavorable ΔH= +4.6±0.2 kcal/mol. As the length of the ssDNA overhang (n)
increases, ΔH becomes more and more negative, reaching a plateau at ΔH= -76±2 kcal/mol at
n=17-18. A DNA end possessing 3’ and 5’ overhangs resembles a DNA end that has already
been melted, thus RecBCD binding to DNA ends possessing long overhangs should not need to
overcome the unfavorable energetic cost of DNA melting. This result suggests that RecBCD may
be capable of melting up to 17-18bp from a blunt DNA end. The difference in enthalpy for
RecBCD binding to a blunt DNA end and the plateau is ΔΔH=81±2 kcal/mol. Wong et al.11
previously estimated that the enthalpic cost of one base pair melted by RecBC is ΔH=8 kcal/mol.
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Assuming ΔH=8±1kcal/mol for every DNA base pairs melted for RecBCD, this would suggest
that 10 bp can be melted from a blunt DNA end. This is in stark contrast to previous results on
RecBC by Wong et al.10,11 ΔH for RecBC binding to the same (dT)n(dT)n substrates reaches a
plateau at n=6 with a much smaller ΔΔH=47±3kcal/mol, suggesting that RecBC cannot melt as
many bp as RecBCD. These results also suggest an important role for RecD in the ability of
RecBCD to melt DNA and to make additional interactions with DNA ends possessing long
ssDNA overhangs compared to RecBC.
DNA melting by RecBCD has been shown13 to be facilitated by Mg2+. We found that the
Mg2+ effect on RecBCD-DNA interactions is dependent on [NaCl]. At low [NaCl] (50mM),
Mg2+ dramatically increases the binding affinity of RecBCD to blunt DNA ends. However, at
high [NaCl], Mg2+ slightly decreases the affinity of RecBCD to DNA ends. The Mg2+ dependent
enhancement in RecBCD-DNA binding affinity is not limited to blunt DNA ends but is also
observed for DNA possessing long ssDNA overhangs. This suggests that Mg2+ may promote
RecBCD catalyzed DNA melting by stabilizing the complex formed between RecBCD and the
melted DNA end.
Our thermodynamic studies of RecBΔNucCD binding to DNA ends reveal that deletion of
RecBNuc significantly increases DNA binding affinities by up to 12 fold at high [NaCl]. This is
the first evidence that RecBNuc affects RecBCD binding to DNA. Our results suggest a long
range allosteric effect of RecBNuc in RecBCD-DNA interactions, since RecBNuc is situated far
away from the RecBCD-DNA contact sites according to structural studies.
We also found that deletion of RecBNuc results in RecBΔNucCD binding to DNA ends with
less favorable enthalpy but more favorable entropy than RecBCD at high [NaCl] conditions. The
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ΔH for RecBΔNucCD binding to (dT)n(dT)n substrates reaches a plateau at n=15, shorter than for
RecBCD. The ΔΔH for RecBΔNucCD binding to a blunt DNA end vs. (dT)15(dT)15 is 61±1
kcal/mol, much less than that for RecBCD (81±2 kcal/mol). Applying the same estimate of 8
kcal/mol for melting each DNA base pair, our results suggest that RecBΔNucCD melts only 7-9bp.
Our structural studies support the implications from our thermodynamic studies on DNA
melting. One cryo-EM structure of RecBCD in complex with a blunt DNA end indicates at least
11 bp of DNA are melted. Previously, Singleton et al.21 solved a crystal structure of RecBCD in
complex with a 19 bp blunt ended duplex and showed that only 4 bp were melted. Subsequently,
Saikrishnan17 showed that RecBCD can melt 6 bp from a DNA end with a 5’(dT)4 overhang,
using a 21 bp duplex. Saikrishnan17 suggested that the 19 bp duplex DNA in the initial structure
limited the extent of DNA melting by RecBCD. Our cryo-EM studies used a 60 bp duplex DNA
with two blunt ends, the same DNA used in our thermodynamic studies that allows two
molecules of RecBCD to bind independently to each DNA end. This DNA is significantly longer
than the footprint of RecBCD determined from biochemical studies13, hence it should not limit
DNA melting by RecBCD.
Interestingly, our cryo-EM structure of RecBΔNucCD in complex with the same 60 bp
DNA only showed density corresponding to 4 base pairs of DNA melted. This is consistent with
our thermodynamic study suggesting that RecBΔNucCD melt less DNA than RecBCD. This also
provides a potential explanation that the inefficient initiation of DNA unwinding by RecBΔNucCD
from a blunt DNA end is due to the fact that RecBΔNucCD melts less bp than RecBCD. In
addition, our structural results reveal linker-linker interactions between RecB and RecC that can
provide a potential mechanism by which RecBNuc exerts its long range allosteric effect on DNA
melting despite being far away from the protein-DNA interaction sites.
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Equally importantly, our cryo-EM studies of both RecBCD and RecBCD-DNA reveal
significant conformational heterogeneities particularly in RecBNuc, but also in large parts of
RecD. All classes of RecBCD cryo-EM maps show weak density for large parts of RecD, and
density was not observed for RecBNuc in two of the three structural classes (56% of all particles).
Upon DNA binding, these areas of weak density were greatly improved. 63% of RecBCD-DNA
particles showed strong density for the entirety of both RecD and RecBNuc. These results
demonstrate that RecD is particularly conformationally heterogeneous in the absence of DNA
binding and that RecBNuc can undock from RecC in a significant population of RecBCD
molecules. However, DNA binding stabilizes RecD conformations and promotes docking of
RecBNuc to RecC. On the other hand, for RecBΔNucCD, RecD is always disordered in the
presence and absence of DNA binding. These results have interesting implications. First, our
data suggest that RecBΔNucCD does not initiate unwinding efficiently from a blunt DNA end
(Fazio et al., unpublished) potentially due to its compromised ability to melt dsDNA. Second,
RecBNuc deletion results in destabilization of RecD conformations, which offers a potential
explanation for why RecBΔNucCD unwinds DNA slower than RecBCD (Simon et al.9, and Fazio
et al., unpublished). Lastly, our results offers a potential explanation for why RecBCD unwinds
DNA slower after Chi recognition. If RecBNuc undocks from RecC upon Chi recognition, it may
destabilize RecD and slow down the 5’ to 3’ translocation rate. This might cause RecB to
become the lead motor during post-Chi DNA unwinding, as observed in previous studies22.

Future directions
The current thesis project demonstrates that RecBΔNucCD differs in many aspects from
RecBCD in terms of DNA binding. These results suggest a model in which RecBNuc exerts its
long range allosteric effects through interactions between the RecB linker and the RecC linker.
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Mutagenesis can be carried out on the corresponding regions to test whether altering the linkers
has similar effects to deleting RecBNuc, in terms of both DNA binding and DNA unwinding.
While a number of RecBCD-DNA structures have been published over the years and the
current thesis presents additional RecBCD structures, how RecBCD conformation changes
during DNA unwinding remains unknown. With the recent development in time-resolved cryoEM23, it may be possible to probe these changes during the course of DNA unwinding. Droplets
of samples mixed from two independent streams can be mixed and dispensed onto cryo-EM
grids within 10ms of each other23. If ATP concentration is limiting, snap shots of RecBCD
during DNA unwinding might be captured by cryo-EM. It may even be possible to examine postChi conformations of RecBCD using this approach.
AddAB and AdnAB are also SF1 helicase nuclease complexes that share similarities with
RecBCD24–27. AddAB and AdnAB also catalyze DNA end processing reactions for homologous
recombination repair of dsDNA breaks and are also regulated by Chi sequences28,29. However,
AddAB possesses only one active DNA motor on AddA but two active nucleases, whereas
AdnAB has two motors and two nuclease domains28,29. This makes them interesting systems to
examine whether deletion of the nuclease domains also affect DNA binding and DNA unwinding
similar to RecBCD.
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